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INTRODUCTION 
Casualties in Operation Iraqi Freedom (OIF) and Operation Enduring Freedom (OEF) 
have experienced a high rate of extremity injuries with nearly ubiquitous diffuse tissue 
damage and compromised local circulation often associated with overt vascular injury. 
These injuries include traumatic amputations, open fractures, crush injuries, burns, 
acute vascular disruption, blastwave-associated pressure injuries, air, thrombotic, and 
fat embolism, and compartment syndrome. In the treatment of such complex traumatic 
injuries, improved assessment of global and regional perfusion, extent of infection, 
location and development of necrotic tissue, as well as location and development of 
early heterotopic ossification would facilitate the resuscitation and definitive treatment of 
these patients. Noninvasive spectroscopic methods may fulfill such a role, particularly 
Raman spectroscopy, infrared imaging, and visible reflectance spectroscopic imaging. 
These technologies are capable of monitoring tissue temperature (1), perfusion (2) and 
associated hypoxia (3-6), collagen deposition (7, 8), and development of calcified tissue 
(9-18).  
The complexity and severity of the extremity wounds seen in recent military operations 
have necessitated the demand for improved wound assessment, before, during and 
after medical treatment. We have quantified parameters such as tissue oxygenation, 
tissue temperature and the molecular environment at specific locations within the 
wound, to better understand the wound healing process in various wound phenotypes. 
This has helped us to establish which parameters are most important for a correct initial 
assessment of the wound along with a more accurate wound healing prediction. The 
parameters bearing the most weight will be used to diagnose trauma wounds and 
predict patient outcome. Improved objective assessment of acute wounds would be 
conducive to improved treatment of the wounds which may result in faster healing 
times, decreased infection rates, and decreased local and systemic complications of 
injury.   

KEYWORDS 
Wound healing; biomarkers; Raman spectroscopy; 3CCD imaging; infrared imaging; 
tissue oxygenation 
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OVERALL PROJECT SUMMARY 
Our hypothesis is that the development of an integrated prediction model (using 
spectroscopy and spectroscopic imaging data in addition to clinical data) will allow for 
more accurate assessment of tissue perfusion and oxygenation in extremity injuries, as 
well as the precise biochemical composition of the wound bed, providing improved 
diagnosis and prognosis of the affected tissue.  Improved objective assessment of acute 
wounds would be conducive to improved treatment of the wounds which may result in 
faster healing times, decreased infection rates, and decreased local and systemic 
complications of injury.   
 
This proposal will serve to validate these prediction models, developed from a military 
population of acute combat wounds, in civilian acute wounds. We have initiated a 
collaboration with Emory University to expand this study at a civilian Level 1 trauma 
center. 
 
The goal of this proposal is to comprehensively address key decision points for critically 
ill trauma and surgical patients including: 1) timing of wound closure; 2) assessment of 
bacterial bioburden; 3) techniques of wound management; 4) amputee-specific issues 
including, timing of wound closure, management of infection, ischemia and peripheral 
nerve injury; 5) early identification and monitoring of heterotopic ossification. 
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Aim 1 
Aim 1 is comprised of four tasks: 

a) Collect 3-CCD and IR images of extremity wounds in the operating room. 
b) Collect serum, wound exudates, and tissue biopsies from each wound during the 

surgical debridement process. 
c) Perform quantitative bacteriology on wound effluent and tissue, RT-PCR on 

tissue biopsies, protein analysis on serum, and Raman spectroscopy on tissue 
biopsies and wound effluent. 

d) Correlate the presence of necrotic tissue (depth and breadth), wound infection 
(serial quantitative bacteriology, development of heterotopic ossification, 
physician and pathologist observations, and serum cytokine levels and wound 
cytokine and gene expression levels. (n=100) 

To date, we have enrolled 35 patients at Grady Memorial Hospital through Emory 
University. Only one eligible patient has declined enrollment. Initial enrollment was 
extremely slow and limited our ability to complete Tasks 1a-d during the first year. Slow 
enrollment was due to inclusion criteria not being met by patients that were not 
vulnerable persons, and an inability to enroll patients that did not speak English. Since 
amending the clinical protocol to include a consent form in Spanish, we have been able 
to almost double our enrollment. We anticipate that enrollment numbers will continue to 
grow, particularly through the summer months, hopefully reaching our target enrollment 
of 50 patients.  
 
A summary of the samples obtained during the performance period is presented in 
Table 1. 

As outlined in Task 1a, to date a total of 126 3CCD images from 32 patients have been 
analyzed. A preliminary analysis is presented below in Figure 1.  While there do appear 
to be differences in the camera channels between normal healing wounds (green bars) 
and dehisced wounds (yellow bars), the differences are not statistically significant.  

Number of newly enrolled patients 20 

Number of wounds 32 

Number of samples collected (all types) 516 

Number of tissue biopsies 237 

Number of serum samples 68 

Number of effluent samples 211 

Number of wound images >150 

 

Table 1. Summary of samples obtained at Grady Memorial Hospital between May 15th, 2014 and May 14th, 2015. 
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Figure 1. Comparison of the response of camera channels for normal healing and dehisced wounds at first, 
second, and final debridements. 

Figure 2. Summary of bacterial isolates present in wound effluent and tissue biopsy specimens obtained from the 
first 25 patients enrolled at Grady Memorial Hospital. 
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As outlined in Task 1b, serum, wound exudate, and tissue biopsies have been collected 
for each patient enrolled in the study to date. To date, all effluent and tissue samples 
have been processed for quantitative bacteriology for all 35 patients enrolled. To date, 
of the 516 samples collected, one effluent and one tissue biopsy for each debridement 
for each wound has been submitted for microbiological analysis. Figure 2 demonstrates 
the prevalence of Gram-positive and –negative bacterial isolates present in wound 
effluent and/or tissue biopsies of the first 25 patients enrolled at Grady Memorial 
Hospital. 

As a preliminary step for identification of bacterial isolates in wound effluent using 
Raman spectroscopy, we have collected Raman spectra of 42 bacterial isolates, 
including ESKAPE pathogens Escherichia coli, Stapylococcus aureus, Klebsiella 
pneumonia, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterococcus 
faecium. A hierarchical model has been generated for bacterial isolates for 
differentiation of the following based on Raman spectra: 1) Gram status (+/-) – Figure 2; 
2) Family – Figures 3A & B. Classification models based on Raman spectroscopic data
have been compared to classification models based on biochemistries, antibiotic 
sensitivities and resistance, 16S PCR, and high resolution melting data.  

Figure 2. Classification model for Gram status of bacterial isolates. The model performs with 98% accuracy. 
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In addition, as samples are received from Grady Memorial Hospital/Emory University 
and processed, we are performing protein analysis on serum and effluent via Luminex, 
and preparing samples for gene expression analysis via Taqman (Task 1c). To date, 
175 of the effluent and serum samples have been processed for analysis via Luminex 
and Luminex analysis has been completed for 124 of the samples processed. 
Preliminary analysis of serum and effluent samples from the first 19 patients reveals a 
similar trend in cytokine and chemokine expression when compared to military trauma 
patients – Figure 4 (next page). 
 

 
Figure 3A. Family classification model for Gram positive bacterial isolates. The model performs with 95% 
accuracy. 

 
Figure 3B. Family classification model for Gram negative bacterial isolates. The model performs with 91% 
accuracy. 
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Though Task 1c also specifies the collection of Raman spectra of tissue biopsies and 
wound effluent, the 830 nm Raman spectroscopic system necessary to collect the 
spectra was not installed until April 2014. Since the instrument’s installation, however, 
Raman spectra have been collected (5 replicates per wound biopsy and three replicates 
per effluent sample) for all wound biopsies collected to date. We are still collecting 
Raman spectra of wound effluent, and anticipate the completion of that task by the end 
of the grant cycle (September 30th, 2015).  
 

 

 
Figure 4. Comparison of protein expression of cytokines and chemokines from military and civilian patients in 
both serum (A) and wound effluent (B). 
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Directly in line with the work performed for 
Task 1 c, in an effort to achieve lower limits of 
detection for detection of bioburden, we have 
begun utilizing surface enhanced Raman 
spectroscopy (SERS). We have successfully 
synthesized silver nanoparticles for surface 
enhanced Raman spectroscopy (SERS). 
Below is a transmission emission microscopy 
image of a sample of the silver nanoparticles, 
synthesized via the methods outlined in a 
manuscript publ ished in Analytical Chemistry 
by White and coworkers in 2010. Note, the 
nanoparticles have a rod-like shape (Figure 5). 

!Briefly, silver nitrate was added to ultrapure 
water, which was then brought to a boil in a 

Figure 5. Transmission emission microscopy 
image of si lver nanoparticles synthesized. 
Scale bar = 500 nm. 

flask under vigorous stirring. Sodium citrate was added, and the solution was left to boil 
for an additional 10 - 60 minutes. After the solution turned greenish brown, which 
indicated the formation of silver colloid, it was then removed from heat. The solution 
was immediately cooled on ice to prevent aggregation of the silver nanoparticles. After 
varying several variables of the nanoparticle synthesis, we have found that more rapid 
boiling and longer boiling times result in smaller nanoparticles, which is preferred. Once 
silver nanoparticles are formed, they can be aliquoted into solution (such as wound 
effluent), deposited onto a traditional substrate for Raman spectroscopy (such as a 
gold-coated slide), or printed onto paper for "test strip" testing. Currently, we are testing 
all formats for optimal signal enhancement and reproducibility. 

We have collected SERS spectra of all bacterial isolates for comparison w ith 
performance of standard Raman spectroscopy. In Figure 6, Raman spectra are 
displayed of nanoparticles alone (green), Cornyebacterium striatum alone, and 
nanoparticles with Cornyebacterium striatum (purple). All spectra were acquired using 
an 830 nm excitation w ith a 10 second exposure and 5 accumulations. Raman spectral 
features on the traditional Raman spectra of the bacteria (red) demonstrate a very low 
signal to noise ratio (SNR). SERS spectra of the bacteria show clear enhancement of 
the SNR. While the Raman spectral features of the SERS spectra of bacteria do not 
al ign with the non-SERS spectra of bacteria, th is is expected; it should not, however, 
impair spectral classification of bacteria. Rather, the enhanced SNR in the SERS 
spectra of bacteria is expected to improve spectral classification and identification. 
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Work on Task 1d has begun in an effort to better characterize tissue that may develop 
heterotopic ossification. We have further characterized heterotopic ossification (HO) 
tissue, in an attempt to push the limits of Raman spectroscopic detection of early HO 
development. Recent research suggests that substance P (SP) is a necessary 
intermediate signal for HO formation. We asked whether Raman spectral changes, 
measured ex vivo, could be associated with histologic evidence of the earliest signs of 
HO formation and substance P (SP) expression in tissue biopsies from the wounds of 
combat casualties.   

Figure 6. Raman spectra are displayed for A) nanoparticles alone (green), B) Cornyebacterium striatum alone 
(red), and C) nanoparticles with Cornyebacterium striatum (purple). 
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In this pilot study, we compared normal muscle tissue, injured muscle tissue, very early 
HO lesions (< 16 days post-injury), early HO lesions (> 16 days post-injury), and mature 
HO lesions (Figure 1). SP expression in the HO lesions appears to peak between 16 

Figure 7. Comparison of serial tissue sections (H&E stained tissue – left; substance P IHC stained tissue – 
middle; Raman spectrum of unstained tissue – right) for: A) control muscle, B) injured muscle, C) very early 
HO (< 16 days post-injury), D) early HO (> 16 days post-injury), and E) mature HO (> 100 days post-injury). 
Scale bar = 100 µm. 
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and 30 days post-injury, as determined by SP immunohistochemistry of corresponding 
tissue sections, potentially indicating optimal timing for administration of therapeutics. 
Raman spectra displayed in Figure 7 are representative of the indicated tissue type and 
overlaid with the normal muscle Raman spectrum (dashed) in subsequent panels. Gray 
boxes in the right panels highlight changes in the Amide III and Amide I regions of the 
Raman spectra. Raman spectroscopic bands of interest and their band assignments are 
as follows: 855 and 876 cm-1 – ν(C-C) hydroxyproline; 920 cm-1 – ν(C-C) proline; 898 
and 937 cm-1 – ν(C-C) protein backbone; 1003 cm-1 – C-C ring breathing phenylalanine; 
1245 cm-1 – ν(C-N) Amide III, disordered; ~1270 cm-1 – δ(N-H), ν(C-N) Amide III, 
ordered; 1318 cm-1 - γ(CH2, CH3) twist; 1340 cm-1 – γ(CH2, CH3) wag; ~1650-1670 cm-1 
– ν(C=O), Amide I. The dissimilarity between the Raman spectrum of muscle and HO
tissue is obvious in panels C-E, even at the earliest stage of HO development. 

The Raman spectra of these tissues demonstrate clear differences in the amide I and III 
spectral regions of HO lesions compared to normal tissue, denoted by changes in the 
Amide I band center (p<0.01) and the 1340/1270 cm-1 (p<0.05) band area and band 
height ratios, displayed in Figure 8.  

Figure 8. A comparison of band area ratios calculated from Raman spectra to assess tissue quality are presented 
for control muscle (white), injured muscle (light gray), very early HO (gray, < 16 days post-injury), early HO 
(spotted white, > 16 days post-injury), mature HO (black). Vertical bars = standard deviation. Dashed horizontal 
bars = relationship for statistically significant differences. An asterisk (*) indicates a p-value ≤ 0.05. 
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Finally, there is a shift in the Amide I band in the Raman spectra from 1659.1 ± 0.5 cm-1 
to 1668.1 ± 0.6 cm-1 – this is likely due to increased collagen content (p<0.01). 

In general, when comparing muscle (normal or injured) to HO tissue (early or mature), 
we noted an increase in Raman shift in the Amide I BC, an increase in the 1640/1665 
cm-1 BAR and the 1240/1300 cm-1 BAR, and a decrease in the 1340/1270 cm-1 BAR 
and the Amide I/Amide III BAR. These changes in Raman metrics can also be 
examined as a progression of the development of heterotopic ossification.  

The 1640/1665 cm-1 BAR shows a statistically significant difference between control 
muscle and early HO lesions (p=0.03), and approaches statistical significance when 
comparing control muscle (0.34 ± 0.04) and very early HO (0.60 ± 0.02) and mature HO 
lesions (0.61 ±0.08, p=0.08 and p=0.07 respectively). The 1340/1270 cm-1 BAR and 
BHR are sensitive metrics for differentiating control muscle from injured muscle and HO 
lesions (p<0.01). The 1240/1270 cm-1 band area ratio is a discriminating Raman metric 
for distinguishing mature HO lesions (1.82 ± 0.32) from all other HO lesions and muscle 
(0.86 ± 0.10, 0.80 ± 0.10, and 0.96 ±0.07, 0.93 ± 0.22, respectively; p<0.05). However, 
the Amide I BC is the best Raman metric at individuating all of the tissue categories 
(p<0.01). 

Finally, the category of biopsy (i.e. control muscle, very early HO, etc.) was significantly 
correlated with the 1665 cm-1 BC, 1340/1270 cm-1 BAR and BHR, and Amide I/Amide III 
BAR (p<0.01). Substance P expression in tissue expressions correlated with only one 
Raman metric, the 1680/1665 cm-1 BAR (p<0.01). 

In this study, we used Raman spectroscopy to discern molecular changes in the matrix 
components that occur prior to and during the formation of HO, in conjunction with 
substance P expression in the tissue. We compared normal muscle to injured muscle, 
very early, early, and mature HO lesions. For mature HO, the clinical sequelae of HO 
formation is usually readily apparent on physical and/or radiologic examination.  In 

Table 2. Comparison of Amide I band center (BC) ± standard error of mean (SEM).  

Control 
muscle 

Injured 
muscle 

Very Early 
HO   <16d 

Early HO             
>16d 

Mature  
HO 

Amide I BC    
1659.1     
(± 0.5)    

c,d,e 

1661.0     
(± 0.5)    

c,d,e 

1664.3     
(± 1.3)    

a,b,d,e 

1668.0     
(± 0.6)    

a,b,c 

1668.1     
(± 0.6)    

a,b,c 

P-values ≤  0.05 compared to a = control muscle, b = injured muscle, c = early HO <16d, d = early HO >16d, and/or e = 
mature HO. 

15 



contrast, immature and largely unmineralized HO lesions are not as clinically obvious, 
which is why we are exploring non-invasive means by which to identify it. Raman 
Spectroscopy correlates with histologic appearance of tissues within combat wounds, 
and can identify the earliest signs in patients who are actively developing HO.   
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Aim 2 
Aim 2 is comprised of one task - use machine learning to validate spectroscopic and 
clinical results with patient outcome as a predictor. In this aim, we will predict patient 
outcomes based on correlations between spectroscopic and clinical parameters and 
wound grade and healing. (n=100 patients). Based on current enrollment, we anticipate 
a final enrollment of 50 patients.  

A preliminary wound outcome prediction model was generated from Raman spectra 
(collected on the 785nm Raman system) of wound biopsies collected from patients 
enrolled into a sister protocol at Walter Reed National Military Medical Center 
(WRNMMC protocol 352334) using a partial least squares discriminant analysis 
(PLSDA). The receiver operating curve (ROC) for the prediction model, which can be 
used to assess the success of the prediction, is displayed below in Figure 9. 

While the PLSDA model of the 785nm Raman spectra demonstrates >70% sensitivity, 
specificity, and accuracy for predicting wound dehiscence, the performance is less than 
optimal. 

We have generated a second PLSDA model for predicting wound outcome, including 
normal healing, delayed healing, and wound dehiscence, using replicates of 830nm 
Raman spectra of the same wound biopsies. There is a clear improvement in the 
performance of the prediction model for normal and impaired healing wounds (including 
both delayed and dehisced wounds) – Figure 10 (next page). 

Figure 9. Preliminary model generated from Raman spectra (254 wound biopsies collected from 81 wounds, 
spectra collected on 785 nm Raman system) of combat wound biopsies to predict wound dehiscence. The 
PLSDA model performs with 77.3% sensitivity, 81.4% specificity, and 80% accuracy. 
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Figure 10. Preliminary model generated from Raman spectra (254 wound biopsies collected from 81 
wounds, spectra collected on 830 nm Raman system) of combat wound biopsies to predict impaired wound 
healing. The PLSDA model performs with 86.7% sensitivity, 81.3% specificity, and 83.0% accuracy. 

As a next step towards completing Task 2, we will validate the PLSDA model on an 
external validation data set comprised of 830 nm Raman spectra of the Grady Memorial 
Hospital/Emory University wound biopsies. 

In addition, we will start a preliminary analysis of meta-datasets (comprised of 3CCD 
image values, Raman spectra, microbiological data, clinical data, protein expression 
data, and gene expression data over the next 3 months, prior to the grant close date. 
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KEY RESEARCH ACCOMPLISHMENTS 
• We have received serum, wound exudate, and tissue biopsies from 35 patients

to date.

• 3CCD images have been analyzed for the first 32 patients.

• Microbiological analysis of all effluent and tissue samples from patients 1-35 has
been completed.

• Raman spectra have been collected in triplicate of all wound biopsies through
patient 35.

• Both traditional Raman spectra and SERS spectra have been collected for 42
clinically relevant bacterial isolates, including those observed in both our combat
wounded and civilian trauma patients.

• Efforts to collect Raman spectra of colonized wound effluent samples advances.

• Luminex analysis for serum and effluent samples has been performed on
patients 1-19 and will be completed through patients 1-35 by end of July 2015.

• Early heterotopic ossification (prior to mineralization and radiographic evidence)
has been further characterized by histology and Raman spectroscopy.
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CONCLUSION 
This project was significantly delayed due to slow enrollment and late receipt of the new 
830 nm Raman spectroscopic system. Both of these issues have since been mitigated. 
We have since enrolled 35 patients and continue to move forward the research. Having 
received a no cost extension of the award, anticipate meeting our originally stated goal 
of addressing key decision points for critically ill trauma and surgical patients including: 
1) timing of wound closure; 2) assessment of bacterial bioburden; 3) techniques of
wound management; and 4) amputee-specific issues including, timing of wound closure, 
management of infection, ischemia and heterotopic ossification, and peripheral nerve 
injury; 5) risk stratification of heterotopic ossification. 
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Abstract

Over 60% of combat-wounded patients develop heterotopic ossification (HO). Nearly 33%
of them require surgical excision for symptomatic lesions, a procedure that is both fraught
with complications and can delay or regress functional rehabilitation. Relative medical
contraindications limit widespread use of conventional means of primary prophylaxis, such as
nonspecific nonsteroidal anti-inflammatory medications and radiotherapy. Better methods for
risk stratification are needed to both mitigate the risk of current means of primary prophylaxis
as well as to evaluate novel preventive strategies currently in development. We asked whether
Raman spectral changes, measured ex vivo, could be associated with histologic evidence of
the earliest signs of HO formation and substance P (SP) expression in tissue biopsies from the
wounds of combat casualties. In this pilot study, we compared normal muscle tissue, injured
muscle tissue, very early HO lesions (516 d post-injury), early HO lesions (416 d post-injury)
and mature HO lesions. The Raman spectra of these tissues demonstrate clear differences in the
Amide I and III spectral regions of HO lesions compared to normal tissue, denoted by changes
in the Amide I band center (p50.01) and the 1340/1270 cm�1 (p50.05) band area and band
height ratios. SP expression in the HO lesions appears to peak between 16 and 30 d post-injury,
as determined by SP immunohistochemistry of corresponding tissue sections, potentially
indicating optimal timing for administration of therapeutics. Raman spectroscopy may
therefore prove a useful, non-invasive and early diagnostic modality to detect HO formation
before it becomes evident either clinically or radiographically.
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Introduction

Heterotopic ossification (HO) is defined as the aberrant

formation of mature, lamellar bone in non-osseous tissue and

is common in war-related trauma of the extremities. The

entity commonly produces deformity of soft tissues, difficulty

with the use of prosthetics, joint ankylosis, skin ulceration

and/or nerve entrapment (1,2). HO occurs in the setting of

familial conditions, such as fibrodysplasia ossificans progres-

sive (FOP), or as a complication of surgery, such as hip

arthroplasty (3,4). However, HO is more common in military

casualties, presumably due to the unique trauma resulting

from blasts and high-velocity projectiles. In fact, HO

developed in 65% of service members with combat-related

extremity trauma in a study conducted at the National Naval

Medical Center between 2003 and 2006 (5). This is very high

in comparison to civilian populations, in which the prevalence

of HO varies between 2 and 20% with central nervous system

or orthopedic injury alone (6,7). However, civilians who have

a combined orthopedic injury and central nervous system

injury have rates similar to the military population, presum-

ably because many military casualties experience simultan-

eous orthopedic and traumatic brain injuries due to blasts,

the most frequent mechanism of injury in both Iraq and

Afghanistan (8,9).

Recent research suggests that substance P (SP) is a

necessary intermediate signal for HO formation (10,11). SP

and other neuropeptides are released from peripheral sensory

nerves after high-velocity injuries and traumatic brain injuries

(10,12). Bone morphogenetic protein-2 is released during soft

tissue injury and also stimulates peripheral nerves to release

neuropeptides such as SP (10,12). SP and other neuropeptides

attract leukocytes and stimulate mast cells to release prote-

ases that activate metalloproteinases (10,13). The

activated metalloproteinases then cause remodeling of local

peripheral nerves, allowing progenitor cells to escape

from the nerve (12,14). The origin of HO progenitor cells is

somewhat controversial and has also been theorized to
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originate from muscle and endothelial cells (12,15). SP

receptors, neurokinin 1, have been found on chondrocytes,

osteocytes, osteoblasts and osteoclasts, indicating that SP

may also induce HO by direct interaction with these cells

(11,16 20). This signaling pathway is considered to be

essential for the formation of HO, since blocking any

component has been shown to minimize or completely

prevent HO in mouse models (10,11). In a paper by

Salisbury et al., neural reserves of SP were depleted using

capsaicin, a neural ligand frequently used for pain relief,

thus preventing HO in a mouse model. This study also

demonstrated that cromolyn, a mast cell stabilizer, substan-

tially decreases HO formation (10). The ability to inhibit this

pathway, or otherwise identify and inhibit early HO before

mineralization occurs, is paramount to reducing patient

morbidity and healthcare costs for combat casualties returning

with orthopedic injuries.

Raman spectroscopy has been shown to be an effective

means of identifying early HO lesions (21 25). It has also

become a useful tool in many areas of research, including

mineralization analysis, biomedical assays, cellular analysis,

cancer detection and other areas (26 32). The benefits of this

spectroscopic modality are numerous and include minimum

sample preparation, noninvasive examination and the ability

to detect both organic and inorganic components (26,33).

Perhaps most important is the ability to analyze biological

specimens with very little interference from water. Raman is

also well suited for the analysis of biological tissues because it

can quantitatively detect the complex primary and secondary

molecular structures in vivo or in vitro. The utility of Raman

spectroscopy in mineralization research was elucidated when

it was used to detect a transient precursor to carbonated

apatite in tooth and bone mineralization, a feat that was

previously elusive because of the inability of other methods to

test tissue in vivo (34,35). In this study, we examine both SP

expression and molecular matrix changes at several time

points during the development of combat-related HO, as well

as characterizing the molecular changes that accompany

increased SP expression in early HO formation. In vivo

Raman analysis of combat wounds could eventually guide

therapeutic options in the operating room, to include NSAID

therapy, radiation therapy, resection of early HO or targeted

delivery of novel local therapies. This ability to identify and

treat early HO is paramount to optimizing the rapid and

uncomplicated recovery of veterans with combat-related

orthopedic injuries.

Methods

Clinical studies

The clinical studies were approved by the institutional review

boards of our institutions. All injured muscle specimens were

obtained from US service members evacuated following high-

energy combat-related extremity injuries sustained abroad.

Sample collection

‘‘Normal’’ muscle samples (n¼ 7) were collected from

excess, discarded muscle tissue harvested during hamstring

autograft preparation following routine, elective and anterior

cruciate ligament reconstruction. Injured muscle (n¼ 8) was

collected from combat-injured patients sustaining high-

energy extremity injuries, during the initial debridement

upon arrival to our institution, prior to definitive wound

closure or coverage. All injured patients were treated with

negative pressure wound therapy. HO tissue biopsies were

collected during the surgical removal of symptomatic lesions

from 20 different injured patients and were subdivided into

very early lesions (516 d post-injury, n¼ 8), early lesions

(416 d post-injury, n¼ 7) and mature lesions (4100 d post-

injury, n¼ 8). Kaplan and coworkers clinically define

early HO lesions as ‘‘early’’ within the first four weeks of

development clinically, as ‘‘intermediate’’ within 5 8 weeks

of development clinically, and as ‘‘late’’ within 9 12 weeks

of development clinically (36,37). In this study, we further

define ‘‘very early’’ HO lesions as those that develop within

approximately the first two weeks post-injury, and ‘‘mature’’

HO lesions as those that develop beyond 12 weeks post-

injury. Early stage HO lesions were classified as such by the

attending surgeon excising the tissue. Often, early HO tissue

presents a tactile profile distinct from surrounding musculo-

skeletal tissue and feels ‘‘woody’’. Tissue biopsies, approxi-

mately 1 cm3, were obtained during surgical procedures and

immediately fixed in neutral buffered formalin for at least

48 h before fixation in 70% ethanol for long-term storage.

Sample histology

Prior to histopathological or immunohistochemical process-

ing, all HO samples were decalcified and then paraffin-

embedded. Each biopsy was serial sectioned in the following

order: unstained (10mm thick), SP immunohistochemistry

(IHC 5 mm thick) and hematoxylin and eosin (5 mm thick).

Stained tissue sections were examined by standard histologic

evaluation.

Immunohistochemistry

IHC was performed using standard protocols. Samples were

fixed with neutral buffered formalin, decalcified with EDTA

and paraffin embedded. Sectioned, unstained slides (5 mm
thick) were then deparaffinized and used for IHC staining.

Slides were incubated with mouse SP primary monoclonal

antibody (R&D Systems, Inc., Minneapolis, MN), at 1:100

dilution, to which horseradish peroxidase was conjugated. SP

antibody controls are presented in Supplementary Figure 1.

Stained tissue sections were examined using a NanoZoomer

2.0-RS (Hamamatsu Co., Bridgewater, NJ) capable of

20�magnification. Tissue sections that were positive for

SP staining were scored with a ‘‘1’’ and tissue sections

negative for SP staining were scored with a ‘‘0’’.

Raman spectroscopy

Unstained, 10 mm paraffin-embedded tissue sections were

placed on gold-coated glass slides (EMF Corp., Ithaca, NY).

Tissue sections were deparaffinized with a 48 72 h 40 �C
cyclohexane bath (38). Spectra of deparaffinized tissue

sections were collected using an 830 nm Raman PhAT

probe system (Kaiser Optical Systems, Inc., Ann Arbor, MI)

with a 1mm excitation spot size. Dark subtracted and

intensity-corrected spectra were acquired at multiple locations

2 M. Harris et al. Connect Tissue Res, Early Online: 1–9
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within each tissue section (up to five spectra per tissue

section, dependent on section size) using five second

acquisitions and 20 accumulations each. Preprocessing of

spectra was conducted using in-house MATLAB� scripts.

Spectra were truncated to 400 1800 cm 1; summed for each

sample; and room light, paraffin and gold slide subtracted.

Baseline subtraction was achieved using an in-house

MATLAB� script based on a polynomial fitting routine

described in Cao and Freeman (39). Finally, spectra

were intensity normalized to the CH2 scissoring band

at 1445 cm 1. Following preprocessing, spectra were curve

fit over two spectra regions, 1500 1720 cm 1 and 1185

1500 cm 1, using mixed Gaussian/Lorentzian bands in

GRAMS/AI software (Thermo Fisher Scientific, Madison,

WI). Band area ratios (BARs) and band height ratios (BHRs)

were calculated, and band centers (BCs) noted, using curve fit

derived band parameters of peaks of interest. Raman vibra-

tional band assignments are listed in Table 1. Raman metrics

examined include the Raman BC of the largest Amide I band

(� 1665 cm 1), unordered protein content (1640/1665 cm 1),

reducible collagen crosslinks (1680/1665 cm 1), protein

disorder/order (1240/1270 cm 1), helical structure

(1340/1270 cm 1) and b-sheet protein content (1240/

1300 cm 1) and secondary structural changes in proteins

(Amide I/Amide III).

Statistical analysis

BARs were compared between groups (normal muscle

control, injured muscle, very early HO516 d post-injury,

early HO416 d post-injury and mature HO) using ANOVA

with a Bonferroni correction. p Values less than 0.05 were

considered to indicate statistical significance. Bivariate

correlations were assessed using Spearman’s correlation

coefficient. Correlation coefficients greater than 0.5 (positive

or negative) were considered important. Statistical analyses

were performed using SPSS software (SPSS 22.0, SPSS Inc.,

Chicago, IL).

Results

Histopathologic characterization of tissue

Stained tissue sections of normal and injured muscle exhibit

typical skeletal muscle histological attributes. Normal

myofibers (Figure 1A, left) are uniform, whereas the injured

muscle myofibers are swollen, atrophied and infiltrated with

neutrophils (Figure 1B, left). Injured muscle was a mixture

of degenerated myocytes, coagulative necrosis and new

granulation tissue, but was devoid of osteoid and cartilage.

Early HO lesions appear disorganized, hypercellular and

fibrotic, with both acute and chronic inflammatory cells

(40). In all early HO specimens, lesion development begins

adjacent to injured muscle or fat and is surrounded by

fibrous connective tissue heavily besieged with neutrophils

and macrophages (Figures 1C and D, left). Only one of the

eight very early HO lesions (516 d post-injury) had cartilage

with an ossifying periphery, whereas four of the seven early

HO lesions (416 d post-injury) demonstrated cartilage,

sometimes independent of an ossifying edge. Mature HO

osteoid contains osteocytes surrounded by woven bone

(Figure 1E, left). Mature HO tissue more closely resembles

lamellar bone where cement lines are obvious and

bone marrow elements were prevalent throughout the

lesions. While osteoblasts and osteoclasts are prevalent in

early HO formation, the presence of osteoblasts and

osteoclasts in mature HO were not routinely evident,

indicative of little if any active remodeling; this is

supported by the lack of scalloped edges along the

trabeculae, which appear smooth.

All control and injured muscle tissue sections were

negative for SP IHC staining. SP positive staining

(Figures 1C E, middle) were present in two of the eight

very early HO lesions (516 d post-injury), in five of the seven

early HO lesions (416 days post-injury) and in three of the

eight mature HO lesions. SP positive staining was signifi-

cantly increased in early HO lesions (416 d post-injury)

compared to all other tissue categories (p50.05).

Raman spectroscopy of tissue biopsies

Raman spectroscopic examination was conducted for 38

tissue sections collected from 38 patients, including control or

‘‘normal’’ muscle (n¼ 7), injured muscle (n¼ 8) and

HO tissue (n¼ 23). Representative Raman spectra of each

samples category, i.e. uninjured (or control) muscle,

injured muscle and surgically excised HO, were compared

(Figures 1A E, right). Spectral differences were prominent

in the Amide I, Amide III and fingerprint regions of the

Raman spectra. These changes directly reflect variation in the

composition of the tissue.

Table 1. Raman vibrational band assignments (58,63,65,69 74).

� (cm�1) Band assignment Component

821 �(CC) of backbone Collagen; muscle
856 �(CC) of hydroxyproline ring Collagen; muscle
873 �3 P OH stretching Bone
876 �(CC) of hydroxyproline ring Collagen; protein
921 �(CC) of proline ring Collagen; protein
938 �(CC) of protein backbone Collagen; muscle;

protein
945 952 �1 PO

3�
4 stretch Amorphous calcium

phosphate
959 �1 PO

3�
4 stretch Hydroxyapatite

1004 �(CC) aromatic ring Phe; collagen; muscle
1032 �3 PO

3�
4 ; �(CC) skeletal;

C O stretch
Bone; collagen; muscle

1071 �1(CO
2�
3 ) Bone

1075 �3 PO
3�
4 stretch Hydroxyapatite

1080 �(CC) and �(CN) skeletal Collagen; muscle
1159 �(CC) and �(CN) skeletal Carotenoid
1178 �(CC) and �(CN) skeletal Collagen; muscle
1244 d(CH2) wagging;

�(CN) Amide III
disordered/b sheet

Collagen; muscle

1274 �(CN) and d(NH)
Amide III a helix

Collagen; muscle

1297 d(CH2) twisting Collagen; muscle
1343 c(CH2, CH3) wagging Collagen; muscle
1385 d(CH3) symmetric Collagen
1448 d(CH2) scissoring Collagen; muscle
1524 carotenoid Collagen; muscle
1552 �(CC) ring stretch Collagen; muscle; Trp
1665 �(CO) Amide I Collagen; muscle
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H&E Substance P Raman Spectra 
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Figure 1. Comparison of serial tissue sections (H&E stained tissue left; substance P IHC stained tissue middle; Raman spectrum of unstained 
tissue right) for: (A) control muscle, (B) injured muscle, (C) very early HO (<16 d post injury), (D) early HO (>16 d post injury) and (E) mature 
HO (> 100 d post injury). Scale bar 100 J.illl. 

Table 2 displays the calculated BCs for the Amide I band, 
while the BHRs and BARs for the Raman spectra of control 
musc1e, injured muscle, very early HO lesions, early HO 
lesions and mature HO lesions for matrix bands are presented 
in Figure 2. ln general, when comparing muscle (normal 
or injured) to HO tissue (early or mature), we noted 
an increase in Raman shift in the Amide I BC, an increase 
in the 164011665 em 1 BAR and the 1240/1300 em 1 

BAR and a decrease in the 1340/1270 em 1 BAR and the 
Amide I/ Amide ID BAR. These changes in Raman metrics 
can also be examined as a progression of the development 
ofHO. 

The 164011665 em 1 BAR shows a statistically significant 
difference between control muscle and early HO lesions 
(p = 0.03) and approaches statistical significance when 
compared to control muscle (0.34 ± 0.04) and very early 
HO (0.60 ± 0.02) and mature HO lesions (0.61 ± 0.08, 
p = 0.08 and p = 0.07, respectively). The 1340/1270cm 1 

BAR and BHR are sensitive metrics for differentiating control 
muscle from injured muscle and HO lesions (p<0.01). The 
1240/1270cm 1 BAR is a discriminating Raman metric for 
distinguishing mature HO lesions (1.82 ± 0.32) from all 
other H 0 lesions and muscle (0.86 ± 0.1 0, 0.80 ± 0.10 
and 0.96 ± 0.07, 0.93 ± 0.22, respectively; p < 0.05). 
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However, the Amide I BC is the best Raman metric at

individuating all of the tissue categories (p50.01).

Finally, the category of biopsy (i.e. control muscle, very

early HO, etc.) was significantly correlated with the

1665 cm 1 BC, 1340/1270 cm 1 BAR and BHR and Amide

I/Amide III BAR (p50.01). SP expression in tissue expres-

sions correlated with only one Raman metric, the 1680/

1665 cm 1 BAR (p50.01).

Discussion

Combat-related HO formation is theorized to follow a

common sequence of events (41). The first of these events

is an induction signal (41 43), which, in our patient

population, is the creation of a high-energy penetrating

wound, usually from a blast. This leads to a pronounced and

prolonged systemic and local inflammatory response (44 47).

The second of these events is a population of progenitor cells

(48,49), previously identified in our patients (49,50), which

expands and is primed to undergo osteogenic differentiation

in an environment conducive to osteogenesis.

Neuroinflammatory factors, such as SP, recruit immune

cells, including neutrophils, which ultimately allow for

regranulation of tissue (51). Ossification then proceeds

by either an endochondral bone formation (as with FOP) or

intramembranous bone formation (as with progressive osse-

ous heteroplasia) or both (as with myositis ossificans

circumscripta) (52). Finally, the subsequent neoangiogenesis

allows for the matrix mineralization and eventual ossification.

In this study, we observed the temporal changes of SP

expression as HO develops in soft tissue. This is the first

study that profiles SP expression in combat-related HO. None

of the control muscle or injured muscle (collected between

7 and 20 d post-injury) samples were positive for SP IHC

staining. Only two of the eight very early HO lesions,

collected 10 and 13 d post-injury, demonstrate positive

SP staining in connective tissue; the sample collected 13 d

post-injury also contained cartilage, ossifying around its

periphery. Time points after 16 d post-injury (between 22 and

30 d post-injury) also exhibit marked SP expression in early
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Figure 2. A comparison of band area ratios calculated from Raman spectra to assess tissue quality are presented for control muscle (white), injured
muscle (light gray), very early HO (gray,516 days post injury), early HO (spotted white,416 days post injury) and mature HO (black). Vertical
bars standard deviation. Dashed horizontal bars relationship for statistically significant differences. An asterisk (*) indicates a p value� 0.05.

Table 2. Comparison of Amide I band center (BC)± standard error of mean (SEM).

Control muscle Injured muscle Very early HO516 d Early HO416 d Mature HO

Amide I BC 1659.1 ( ± 0.5)c,d,e 1661.0 ( ± 0.5)c,d,e 1664.3 ( ± 1.3)a,b,d,e 1668.0 ( ± 0.6)a,b,c 1668.1 ( ± 0.6)a,b,c

p Values� 0.05 compared to a control muscle, b injured muscle, c early HO516 d, d early HO416 d and/or e mature HO.
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HO lesions, as we observed the highest level of SP expression

in connective tissue surrounding fat, as well as inflammatory

cells and some osteoclasts in all but one sample. SP is

expressed in three of the eight mature HO lesions, but focally

in bone marrow fat and not to the same extent as in early HO

lesions. Kan et al. also observed the highest SP expression in

early HO lesions collected from FOP patients and patients

with traumatic brain injuries and spinal cord injuries (11).

These early HO lesions demonstrated muscle fiber degener-

ation and inflammatory cell infiltration, similar to the

pathology exhibited in our very early and early HO lesions.

Though SP is often depicted as having neuronal origins, its

production has been observed in inflammatory cells, includ-

ing macrophages, eosinophils, lymphocytes and dendritic

cells (53). In addition, SP has been implicated in the

upregulation of osteogenic differentiation potential, a neces-

sary precursory step for HO development (54,55).

Understanding the timing and role of SP expression in

combat-related HO development can aid in the development

of therapeutics such as tachykinin receptor antagonists,

which prevent the proinflammatory effects of SP (53).

In this study, we also used Raman spectroscopy to discern

molecular changes in the matrix components that occur prior

to and during the formation of HO, in conjunction with SP

expression in the tissue. We compared normal muscle to

injured muscle, very early, early and mature HO lesions. For

mature HO, the clinical sequelae of HO formation is usually

readily apparent on physical and/or radiologic examination. In

contrast, immature and largely unmineralized HO lesions are

not as clinically obvious, which is why we are exploring non-

invasive means by which to identify it. We show that Raman

spectra of various tissues demonstrate clear differences in the

Amide I and Amide III spectral regions of HO lesions

compared to normal and injured muscle, which may indicate

whether or not muscle and adjacent connective tissue will

develop HO. These differences include a significant shift in

the Amide I BC and an increase/decrease in some of the

Amide III bands.

As injured muscle transitions to mineralized tissue,

significant changes in many matrix bands (Figure 1B E,

right) are apparent. First, there is a shift in the Amide I band

in the Raman spectra from 1659.1± 0.5 cm 1 to

1668.1± 0.6 cm 1 this is likely due to increased collagen

content (p50.01). Following skeletal muscle injury and

during the formation of granuloma, the granulation tissue

produces predominantly type I collagen after about five days

post-injury (56). Next, the bandwidth of Amide I band

increases, evidenced by an increase in 1640/1665 cm 1 BAR

(Figure 2). Bands at 1640 and 1665 cm 1 are assigned to non-

helical protein secondary structure (57 59). Muscle is

composed largely of actin and myosin, both of which are

more alpha helical in structure than collagen (60). As collagen

content increases and muscle myofibers degenerate, the BC

and width more closely resemble that of collagen, specifically

type I collagen. As scar tissue forms, there is an increase in

collagen turnover, thus an increase in reducible collagen

crosslinks; as the fibers within the scar tissue mature,

reducible crosslinks in collagen are converted to a more

stable nonreducible crosslink (61). This is mirrored in the

1680/1665 cm 1 BAR, which demonstrates an initial increase

in reducible collagen crosslinks in injured muscle, followed

by an increase in nonreducible crosslinks in very early and

early HO lesions (62). In addition, the intensity of Amide III

bands change, most notably with a decrease in the helical

structure (1340/1270 cm 1) BAR and BHR. The Raman

band at 1240 cm 1 is attributed to more disordered protein

structures, such as those containing a large number of b-pleats
or random coils, while the 1270 cm 1 Raman band is assigned

to more ordered protein structures, such as those containing a

large number of helical coils (63,64). In fact, Raman bands

below 1270 cm 1 are very weak in protein with a large

proportion of helical structure (63), while increased Amide III

scattering intensity above 1300 cm 1 is indicative of highly

helical proteins (65), such as myosin in muscle. Finally, the

Amide I/Amide III BAR is indicative of general secondary

protein structural changes (66). In fact, the Raman spectrum

of early HO lesions in particular closely resembles the Raman

spectrum of type I collagen. Type I collagen not only plays an

important role in the process of wound healing but also in the

formation of osseous tissue, such as HO. Osteoblasts secrete

and deposit type I collagen, which comprises 90% of bone

matrix prior to mineralization (67). In some cases, the same

collagen that serves as an initiator of wound healing may also

act as the scaffold for the deposition of bone mineral.

This study further demonstrates that Raman spectroscopy

may be useful to identify early wound-specific changes that

portend eventual HO formation. It is true that the examination

of decalcified tissue presented in this study limited our

study of early mineralization in fact, it prevented the

investigation of mineralized tissue in these samples. However,

we have previously explored the possibility that the mineral

signature of these samples can be discriminating as well (21).

In this study, we were particularly interested in identifying

the earliest matrix changes that precursor mineralization; by

identifying these changes in tissue composition, we will likely

be able to identify HO development before other imaging

techniques such as radiographs, computed tomography and

ultrasound.

As an intraoperative modality, Raman spectroscopy may

have distinct advantages over other techniques of assessing

tissue during surgery such as histology or visual or tactile

inspection by the surgeon. Though not widely used, frozen

section and/or permanent pathologic analysis can be used to

identify early stages associated with eventual HO formation.

This technique requires multiple wound biopsies, is time and

labor intensive and may not be sufficiently precise with regard

to overall HO precursor location and potential severity to

guide surgical decision-making. Furthermore, the ability of a

surgeon to identify early HO tissue during a debridement is

subjective and relies heavily on personal experience; however,

the complexity and heterogeneity of blast wounds makes them

difficult to evaluate, even for experienced surgeons (43).

Conversely, the Raman technique described above could be

adapted as an objective, intraoperative non-invasive means by

which to risk stratify wounds, without significant preparation

or bias on the part of the interpreter (21,24). If Raman

spectroscopy demonstrates that a wound has Raman spectral

features associated with the formation of HO, prophylaxis

could be employed in these select cases. Alternatively, in

areas that appear prone to HO development, which can be
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mapped with Raman spectroscopy more precisely than gross

clinical assessment, the clinician can consider early prefer-

ential excision of pre-HO tissue while the patient is undergo-

ing debridement, local means of primary prophylaxis

currently in development and/or amputation revision before

final closure. Raman spectroscopy may also be useful for

monitoring the development and progression of HO non-

invasively and without radiation. For example, tomography

techniques currently in development are able to model

bone mineral density in three-dimensional space (68). With

such a model, based on the Raman spectroscopic parameters

presented in this study, the clinician may also be able

visualize areas of HO formation as well as monitor the

maturation of the each portion of the lesion(s) over time.

Conclusions

Raman Spectroscopy correlates with histologic appearance of

tissues within combat wounds and can identify the earliest

signs in patients who are actively developing HO. All data

acquisition and analysis in this study were performed ex vivo

and outside of the surgical suite. We plan to optimize existing

Raman spectroscopic equipment, such as fiber-probe coupled

systems, for use in the operating room during surgical

debridements to perform Raman spectroscopic analysis of HO

development, similar to the ex vivo analysis presented in this

study. This technology will provide treating surgeons and

researchers with an accurate, non-invasive means by which to

risk stratify individual wounds to receive systemic and local

means of primary prophylaxis currently in development.
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Abstract: Acute limb ischemia is a common cause of morbidity and mortality following trauma
both in civilian centers and in combat related injuries.  Rapid determination of tissue
viability and surgical restoration of blood flow are desirable, but not always possible.
We sought to characterize the response to increasing periods of hind limb ischemia in
a porcine model such that we could define a period of critical ischemia (the point after
which irreversible neuromuscular injury occurs), evaluate non-invasive methods for
characterizing that ischemia, and establish a model by which we could predict whether
or not the animal's locomotion would return to baselines levels post-operatively.
Ischemia was induced by either application of a pneumatic tourniquet or vessel
occlusion (performed by clamping the proximal iliac artery and vein at the level of the
inguinal ligament).  The limb was monitored for the duration of the procedure with both
3-charge coupled device (3CCD) and infrared (IR) imaging for tissue oxygenation and
perfusion, respectively.  The experimental arms of this model are effective at inducing
histologically evident muscle injury with some evidence of expected secondary organ
damage, particularly in animals with longer ischemia times.  Noninvasive imaging data
shows excellent correlation with post-operative functional outcomes, validating its use
as a non-invasive means of viability assessment, and directly monitors post-occlusive
reactive hyperemia.  A classification model, based on partial-least squares discriminant
analysis (PLSDA) of imaging variables only, successfully classified animals as
"returned to normal locomotion" or "did not return to normal locomotion" with 87.5%
sensitivity and 66.7% specificity after cross-validation. PLSDA models generated from
non-imaging data were not as accurate (AUC of 0.53) compared the PLSDA model
generated from only imaging data (AUC of 0.76). With some modification, this limb
ischemia model could also serve as a means on which to test therapies designed to
prolong the time before critical ischemia.

Order of Authors: Jason S. Radowsky

Joseph D. Caruso

Matthew J. Bradley

Rajiv Luthra

Eric A. Elster

Jonathan A. Forsberg

Nicole J. Crane, Ph.D.

Opposed Reviewers:

Additional Information:

Question Response

Financial Disclosure This work was supported/funded by work unit number 602115HP.3720.001.A1015.
Funding support includes Congressionally Directed Medical Research Program award

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Please describe all sources of funding
that have supported your work. A
complete funding statement should do the
following:

Include grant numbers and the URLs of
any funder's website. Use the full name,
not acronyms, of funding institutions, and
use initials to identify authors who
received the funding.
Describe the role of any sponsors or
funders in the study design, data
collection and analysis, decision to
publish, or preparation of the manuscript.
If they had no role in any of the above,
include this sentence at the end of your
statement: "The funders had no role in
study design, data collection and analysis,
decision to publish, or preparation of the
manuscript."

If the study was uunfunded, provide a
statement that clearly indicates this, for
example: "The author(s) received no
specific funding for this work."

* typeset

number W81XWH-10-2-0162.

Competing Interests

You are responsible for recognizing and
disclosing on behalf of all authors any
competing interest that could be
perceived to bias their work,
acknowledging all financial support and
any other relevant financial or non-
financial competing interests.

Do any authors of this manuscript have
competing interests (as described in the
PLOS Policy on Declaration and
Evaluation of Competing Interests)?

If yes, please provide details about any
and all competing interests in the box
below. Your response should begin with
this statement: I have read the journal's
policy and the authors of this manuscript
have the following competing interests:

If no authors have any competing
interests to declare, please enter this
statement in the box: "The authors have

The authors have declared that no competing interests exist.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



declared that no competing interests
exist."

* typeset

Ethics Statement

You must provide an ethics statement if
your study involved human participants,
specimens or tissue samples, or
vertebrate animals, embryos or tissues.
All information entered here should also
be included in the Methods section of your
manuscript. Please write "N/A" if your
study does not require an ethics
statement.

Human Subject Research (involved
human participants and/or tissue)

All research involving human participants
must have been approved by the authors'
Institutional Review Board (IRB) or an
equivalent committee, and all clinical
investigation must have been conducted
according to the principles expressed in
the Declaration of Helsinki. Informed
consent, written or oral, should also have
been obtained from the participants. If no
consent was given, the reason must be
explained (e.g. the data were analyzed
anonymously) and reported. The form of
consent (written/oral), or reason for lack of
consent, should be indicated in the
Methods section of your manuscript.

Please enter the name of the IRB or
Ethics Committee that approved this study
in the space below. Include the approval
number and/or a statement indicating
approval of this research.

Animal Research (involved vertebrate
animals, embryos or tissues)

All animal work must have been
conducted according to relevant national
and international guidelines. If your study
involved non-human primates, you must
provide details regarding animal welfare
and steps taken to ameliorate suffering;
this is in accordance with the
recommendations of the Weatherall
report, "The use of non-human primates in
research." The relevant guidelines
followed and the committee that approved

The study protocol was approved by the Institutional Animal Care and Use Committees
at the Uniformed Services University of Health Sciences and the Naval Medical
Research Center (protocols SUR-11-816 and 11-OUMD-13, respectively) in
compliance with all Federal regulations governing the protection of animal subjects.

Animals were euthanized by intravenous injection of sodium pentabarbital (100 mg/kg,
Beuthanasia®, Merck Animal Health, Madison, NJ).

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



the study should be identified in the ethics
statement.

If anesthesia, euthanasia or any kind of
animal sacrifice is part of the study,
please include briefly in your statement
which substances and/or methods were
applied.

Please enter the name of your Institutional
Animal Care and Use Committee (IACUC)
or other relevant ethics board, and
indicate whether they approved this
research or granted a formal waiver of
ethical approval. Also include an approval
number if one was obtained.

Field Permit

Please indicate the name of the institution
or the relevant body that granted
permission.

Data Availability

PLOS journals require authors to make all
data underlying the findings described in
their manuscript fully available, without
restriction and from the time of
publication, with only rare exceptions to
address legal and ethical concerns (see
the PLOS Data Policy and FAQ for further
details). When submitting a manuscript,
authors must provide a Data Availability
Statement that describes where the data
underlying their manuscript can be found.

Your answers to the following constitute
your statement about data availability and
will be included with the article in the
event of publication. Please note that
simply stating ‘data available on request
from the author’ is not acceptable. If,
however, your data are only available
upon request from the author(s), you must
answer “No” to the first question below,
and explain your exceptional situation in
the text box provided.

Do the authors confirm that all data
underlying the findings described in their
manuscript are fully available without
restriction?

No - some restrictions will apply

Please describe where your data may be
found, writing in full sentences. YYour
answers should be entered into the box
below and will be published in the form
you provide them, if your manuscript is

All relevant data are within the paper and its Supporting Information files.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



accepted. If you are copying our sample
text below, please ensure you replace any
instances of XXX with the appropriate
details.

If your data are all contained within the
paper and/or Supporting Information files,
please state this in your answer below.
For example, “All relevant data are within
the paper and its Supporting Information
files.”
If your data are held or will be held in a
public repository, include URLs,
accession numbers or DOIs. For example,
“All XXX files are available from the XXX
database (accession number(s) XXX,
XXX)." If this information will only be
available after acceptance, please
indicate this by ticking the box below.
If neither of these applies but you are able
to provide details of access elsewhere,
with or without limitations, please do so in
the box below. For example:

“Data are available from the XXX
Institutional Data Access / Ethics
Committee for researchers who meet the
criteria for access to confidential data.”

“Data are from the XXX study whose
authors may be contacted at XXX.”

* typeset

Additional data availability information:

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Cover Letter



 

Noninvasive Multimodal Imaging to Predict Recovery of 
Locomotion after Extended Limb Ischemia 

*Corresponding author:  

Keywords

Manuscript
Click here to download Manuscript: Noninvasive Multimodal Imaging to Predict Recovery of Locomotion after Extended Limb Ischemia 24



 

Abstract 





Introduction 



 



 

in vivo



 



 

Materials and Methods 

Ethics Statement  

In vivo studies 

Sus scrofa





 

Clinical and Laboratory Data Acquisition 



 



 

Non-invasive Imaging 

Data Analysis 



 

Statistical Analysis 





Results 

Blood Chemistries Exhibit End Organ Stress 



 

Serum Cytokines Reveal Little Regarding Return to Full Locomotion 

Evidence of IRI and Attenuated Locomotion 



 

Intraoperative Imaging Directly Observes Post-Occlusive Reactive 
Hyperemia 







 

Predicting Full Recovery of Locomotion Post-operatively after I/R 
Injury 



Discussion











Acknowledgements 



Figure Legends 

Figure 1. 3CCD and infrared (IR) imaging.

Figure 2. Comparison of blood chemistries in sham and experimental ischemia animals. 

Figure 3. Mean pathology scores for all experimental groups. 



Figure 4 Functional outcomes in sham and experimental ischemia groups.

Figure 5. Profiles of operative 3CCD and IR imaging values.

Figure 6. Slopes of reperfusion and post-occlusive reactive hyperemia for 3CCD and IR 

imaging. 



Figure 7. PLSDA models to predict return to normal locomotion for all data, imaging only 

data, and non-imaging data sets.

Table 1. Summary of experimental design. 

Table 2. Outcome based comparison of various metrics.



Table 3. Correlation of imaging parameters with function and pathology.

Table 4. Correlation of imaging parameters with blood chemistries.



Tables 

Table 1. 

1 0 none 5

2 3.5 occlusion 5

3 3.5 tourniquet 5

4 4.7 occlusion 6

5 4.7 tourniquet 5

Animals expired 2

Equipment Malfunction 2

22



Table 2.  

Tarlov D1 4.42 ± 1.16 3.50 ± 0.76 0.07†

Tarlov D2 4.67 ± 0.49 3.81 ± 0.37 0.0006*

Tarlov D3 4.75 ± 0.45 3.88 ± 0.35 0.0002*

Tarlov D7 5.00 ± 0.00 3.94 ± 0.82 0.0004*

Left Kidney Pathology 0.08 ± 0.29 0.50 ± 0.53 0.04*

Right Kidney Pathology 0.08 ± 0.29 0.50 ± 0.53 0.04*

Liver Pathology 0.17 ± 0.39 0.13 ± 0.35 0.81

Drop Foot 0.08 ± 0.29 1.13 ± 0.99 0.003*

ALT Max Isc 70.6 ± 13.8 63.3 ± 11.1 0.22

AST Max Isc 37.3 ± 11.4 35.1 ± 18.0 0.75

Creatinine Max Isc 1.13 ± 0.17 1.18 ± 0.28 0.63

BUN Max Isc 9.00 ± 2.66 11.3 ± 1.83 0.05*

K+ Max Isc 5.24 ± 0.85 5.68 ± 0.93 0.30

LDH Max Ischemia 1072 ± 367 984 ± 217 0.54

CK Max Isc 1010 ± 1765 631 ± 309 0.56

ALT Rpf 70.3 ± 11.8 63.6 ± 10.9 0.22

AST Rpf 42.6 ± 14.8 43.1 ± 13.1 0.93

Creatinine Rpf 1.16 ±0.18 1.10 ± 0.33 0.61

BUN Rpf 9.75 ± 2.86 11.00 ± 3.02 0.36

K+ Rpf 5.44 ± 0.78 6.01 ± 0.89 0.15

LDH Rpf 1126 ± 388 1053 ± 288 0.65

CK Rpf 732 ± 463 1077 ± 545 0.15

O2 Sat Max Isc 96.3 ± 2.6 98.0 ± 2.0 0.13

O2 Sat Rpf 5min 96.2 ± 2.2 97.6 ± 1.5 0.12

Temp Max Isc 99.5 ± 5.9 101.9 ± 1.0 0.27

Temp Rpf 5 min 99.6 ± 5.9 101.9 ± 1.0 0.28

Pulse Max Isc 101.8 ± 14.5 99.1 ± 5.7 0.62

Pulse Rpf 101.9 ± 14.8 99.0 ± 5.9 0.60

sO2 Max Isc 77.1 ± 4.5 81.4 ± 3.5 0.06†

sO2 Rpf 30 min 78.3 ± 4.2 78.1 ± 7.0 0.95

IR Slope Rpf 3.71 ± 8.98 10.60 ± 13.64 0.25

IR Whole Leg Rpf5 155.6 ± 48.1 105.8 ± 32.3 0.04*

IR Whole Leg Rpf10 187.3 ± 24.3 152.0 ± 36.3 0.05*

IR Whole Leg Rpf30 203.4 ± 13.5 191.6 ± 16.9 0.17

IR PORH Slope Rpf5 4.74 ± 3.91 2.55 ± 6.91 0.46

IR PORH Slope Rpf10 3.82 ± 4.79 5.82 ± 4.28 0.44



 

IR PORH Slope Rpf30 2.09 ± 1.25 4.07 ± 1.14 0.01*

3CCD Slope Rpf 0.44 ± 0.73 0.90 ± 0.62 0.18

3CCD Whole Leg Rpf10 29.3 ± 10.3 30.8 ± 8.4 0.75

3CCD Whole Leg Rpf30 26.7 ± 11.6 27.6 ± 6.4 0.85

3CCD PORH Slope Rpf5 -0.11 ± 0.36 -0.38 ± 0.28 0.10†

3CCD PORH Slope Rpf10 -0.28 ± 0.22 -0.36 ± 0.21 0.48



 

Table 3. 

Tarlov 
D1

Tarlov 
D2

Tarlov 
D7

Drop 
Foot

Lateral 
Middle

Medial 
Middle

Medial 
Distal

IR Slope Rpf -0.532 0.519 0.364 0.225

IR Whole Leg Rpf10 0.505 0.566 0.391 0.228 0.400 -0.028

IR Whole Leg Rpf30 0.511 0.532 0.337 0.088 0.392 -0.094

IR PORH Slope Rpf5 -0.525 -0.466 0.526 0.352

IR PORH Slope Rpf10 -0.398 -0.250 0.220 0.078 0.196 0.386

IR PORH Slope Rpf30 -0.516 0.376 0.154 0.363

3CCD Slope Rpf -0.446 -0.540 -0.609 0.204 0.286 0.574

3CCD Whole Leg Rpf10 0.624 0.342 0.144 0.054 0.077

3CCD Whole Leg Rpf30 0.601 0.272 0.137 0.008 0.031

3CCD PORH Slope Rpf5 0.517 -0.462 -0.158 -0.395 -0.361

3CCD PORH Slope Rpf10 0.517 -0.461 -0.153 -0.395 -0.361

3CCD Whole Leg D1 -0.242 -0.641 -0.633 0.179 0.486

3CCD Whole Leg D3 -0.459 -0.425 -0.384 -0.007 0.603

Table 4. 

BUN 
Max Isc

ALT  
Max Isc

Creatine 
Max Isc

LDH 
Max Isc

CK 
Max Isc

BE 
Max Isc

BUN 
Rpf

Creatine 
Rpf CK Rpf BE 

Rpf

IR Slope Rpf 0.441 -0.448 -0.399 -0.084 -0.105 0.399 0.480 -0.359 0.411 0.619

IR Whole Leg Rpf10 0.343 -0.418 -0.186 0.241 -0.460 -0.614 -0.454 0.018

IR Whole Leg Rpf30 0.432 -0.361 -0.164 0.219 -0.590 -0.604 -0.371 -0.072

IR PORH Slope Rpf5 -0.374 0.347 -0.567 0.095 0.114 -0.188 -0.315 -0.527 0.320 -0.513

IR PORH Slope Rpf10 0.501 0.343 -0.401 0.082 -0.166 0.216 0.532 -0.344 0.144 0.251

IR PORH Slope Rpf30 0.534 0.432 -0.452 -0.015 -0.390 0.326 0.571 -0.399 0.072 0.379

3CCD Slope Rpf 0.034 -0.141 -0.404 0.046 -0.178 0.318 0.112 -0.281 0.207 0.473

3CCD Whole Leg Rpf10 0.635 0.444 0.166 0.508 -0.107 0.343 0.160 0.351

3CCD Whole Leg Rpf30 0.589 0.408 0.236 0.484 -0.067 0.411 0.622 0.230 0.382

3CCD PORH Slope Rpf5 -0.648 -0.026 -0.034 -0.149 0.381 -0.324 -0.644 -0.048 -0.025 -0.349

3CCD PORH Slope Rpf10 -0.642 -0.040 -0.045 -0.141 0.367 -0.319 -0.635 -0.059 -0.038 -0.355

3CCD Whole Leg D1 0.263 -0.541 0.067 0.392 0.264

3CCD Whole Leg D3 0.629 -0.053 0.200
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Validation of Hierarchical Cluster Analysis for Identification of 
Bacterial Species Using 42 Bacterial Isolates
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MD, USA 20814; 3Henry M. Jackson Foundation for the Advancement of Military Medicine, 
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ABSTRACT

Recent studies have demonstrated the potential advantages of the use of Raman spectroscopy in the biomedical field 
due to its rapidity and noninvasive nature. In this study, Raman spectroscopy is applied as a method for 
differentiating between bacteria isolates for Gram status and Genus species. We created models for identifying 28
bacterial isolates using spectra collected with a 785 nm laser excitation Raman spectroscopic system. In order to 
investigate the groupings of these samples, partial least squares discriminant analysis (PLSDA) and hierarchical 
cluster analysis (HCA) was implemented. In addition, cluster analyses of the isolates were performed using various 
data types consisting of, biochemical tests, gene sequence alignment, high resolution melt (HRM) analysis and 
antimicrobial susceptibility tests of minimum inhibitory concentration (MIC) and degree of antimicrobial resistance 
(SIR). In order to evaluate the ability of these models to correctly classify bacterial isolates using solely Raman
spectroscopic data, a set of 14 validation samples were tested using the PLSDA models and consequently the HCA 
models. External cluster evaluation criteria of purity and Rand index were calculated at different taxonomic levels to 
compare the performance of clustering using Raman spectra as well as the other datasets. Results showed that 
Raman spectra performed comparably, and in some cases better than, the other data types with Rand index and 
purity values up to 0.933 and 0.947, respectively. This study clearly demonstrates that the discrimination of bacterial 
species using Raman spectroscopic data and hierarchical cluster analysis is possible and has the potential to be a 
powerful point-of-care tool in clinical settings.  

Keywords: Raman Spectroscopy, Multivariate Statistical Analysis, Hierarchical Cluster Analysis, Partial Least 
Squares-Discriminant Analysis, Rand Index, Bacterial Isolates.

1. INTRODUCTION

Infections are common complications of combat wounds and affect not only quality of life but also whether or not a 
wound heals normally. At the beginning of the twentieth century, improvements in military hygiene and disease 
control significantly reduced the number of war-time deaths due to pestilence(1). Though “war time” deaths from 
pestilence are not common in recent conflicts such as Operation Iraqi Freedom (OIF) and Operation Enduring 
Freedom (OEF), infection control of multi-drug resistant organisms such as Acinetobacter, Klebsiella, and 
Pseudomonas has presented a challenge(2). Multi-drug resistant infections can be problematic due to the small 
number of effective drugs for treatment. Thus, accurate identification of the species and strain of the infecting 
organism becomes important. 

Raman spectroscopy is a molecularly specific technique that is capable of probing samples noninvasively and 
nondestructively. It has been used to assess tissues at the molecular level with diverse clinical and diagnostic 
applications with high specificity (3-19) and this is one of the attributes that makes Raman spectroscopy an ideal 
technology for evaluating clinical infections. There have been numerous Raman spectroscopic studies of 
microorganisms, many focusing on rapid identification of the microorganisms (20-28). In these studies, bacteria were 
successfully identified at the strain level by utilizing a Raman spectral database of the microorganisms. However, 
many of these studies have been limited to only Gram positive or only Gram negative bacterial species, and have not 
attempted to evaluate a dataset consisting of both Gram positive and Gram negative bacteria species.



Ctment methods of identifying bacterial infection rely on culturing microbes from patient material and perfonning 
biochemical tests, which together can take 2-3 days to complete. If Raman spectroscopy could detect bacterial 
infection from patient material directly, physicians would be able to detennine course of treatment and dtug 
adtninistration in a matter of homs. Reliable application of Raman spectroscopy in a clinical setting could 
revolutionize routine identification of pathogenic organisms. Here, we target the identification of bacterial isolates 
responsible for infections in combat-related wounds specifically. In this preliminaty study, a munber of bacteria 
known to cause clinical infection'S are examined using Raman spectroscopy. Additionally, various types of data are 
analyzed for comparison: biochemical tests, high resolution melting points, DNA sequences, antimicrobial 
susceptibility, and degree of microbial resistance tests. 

2. METHODS 

2.1 R aman Spectr oscopy 

In Table 1, the 42 bacterial isolates examined are listed: 28 reference isolates and 14 validation isolates. 

Gram 
Family I Genus I S . 1

1 
Number of .1

1 

Number of 
+f. pecJes reference isolates validat ion isolate! 
- Enterobacter;• ceae Klebsiella pneu~~"'ae 2 2 
- Enterobacteriaceae Enterobacter cloacae 2 0 
- Enterobacteriaceae Morganella morganii 2 0 
- Enterobacteriaceae Escherichia coli 2 2 
- Enterobacteriaceae Citrobacter freundii 2 0 
- Pseudomonadaceae Pseudomonas stutzeri 2 0 
- Moraxellaceae Acinetobacter baumannii 2 2 
- Xanthomonadaceae Stenotro homonas maltophi/ia 2 1 
+ Enterococcaceae Enterococcus faecalis 1 1 
+ Enterococcaceae Enterococcus durans 2 0 
+ Enterococcaceae Enterococcus faecium 2 2 
+ Sta hlococcaceae Sta h tococcus schteiferi 1 0 
+ Sta' hlococcaceae Sta· h. lococcus haemolyticus 2 2 
+ Sta' hlococcaceae Sta h. lococcus aureus 2 2 
+ Staphlococcaceae StaPhYlococcus ca itis 2 0 

Totals 28 14 

Table l. Complete list of bacterial isolates from which all data types were acquired. 

Sample identities were blinded for the validation dataset. Each bacterial isolate was grown for 48 homs on a 
lysogeny broth agar (LBA) and a blood agar plate. Raman spectra were collected using a 785 nm Raman PhAT 
system (Kaiser Optical Systems, Inc., Ann Arbor, MI, USA). Spectra were collected using a 3mm spot size lens with 
50 accumulations of 2 second exposmes. Nine spectra were collected from each of the 42 isolates (5 from the LBA 
plate and 4 from the blood agar plate). Dming spectral collection, sample fluorescence overwhelmed the Raman 
scattering of some isolates. To overcome this, particularly fluorescent bacterial isolates were transfened to a 0.5 mL 
centrifuge vial, rinsed with deionized water, and centrifuged at 2,000 rpm for 3 minutes. The supematant was 
discarded and the bacteria samples were submitted for spectral recollection. This process was repeated until 
fluoresce was significantly reduced and the spectral quality improved (minimum signal to noise ratio of 1 0). 

2.2 Biochemical and antimicr ob ial r esistance (MIC and SIR) data 

Bioche1nical and antimicrobial resistance data were acquired using the BD PhoenixTM, a fully automated system for 
the rapid identification of bacteria and antimicrobial susceptibility testing (AST) (29

). Samples were prepped 
following the manufactmer's instruction and loaded in to BD phoenix panels. The system gives positive or negative 
results for an anay of enzymatic and bioche1nical substrates providing the biochemical data for each isolate. 
Antimicrobial resistance data was also acquired using BD Phoenix™ for Antimicrobial Susceptibility Test (AST) 
results. This test detennines the resistance of infectious agents by labeling them as Susceptible, Inte1mediate or 
Resistant (SIR). It also provides the Mininmm Inhibitory Concentrations (MICs) data, which is the lowest 
concentration of an antimicrobial that will inhibit the visible growth of a microorganism after overnight 
incubation(30) and notes any other resistance markers found. The results of these tests were then mm1erically coded 
for cluster analysis. 



2.3 DNA sequences 

The extraction of DNA from culture colonies was perfotmed using the UltraClean Microbial DNA Isolation Kit (Mo 
Bio Laboratories, Carlsbad, CA, USA). 168 polymerase chain reactions (PCRs) were performed in 50 f.!L reaction 
mixtures using QS® High-Fidelity DNA Polymerase (NEB, Ipswich, MA, USA) . Reactions were performed in 
tl'i.plicate and amplified on a GenAmp 9700 PCR System (Applied Biosystems, Grand Island, NY, USA) under the 
following conditions: 96°C for 1 minute, followed by 35 cycles of96°C for 15 seconds, 60°C for 45 seconds, and 
72°C for 45 seconds. Final extension at 72°C was clone for 2 minutes. Then, 10 11L of amplified products from the 
samples were analyzed by agarose gel electrophoresis to identify if single PCR products were present. Amplified 
PCR products were purified from each san1ple using Pure link Quick PCR put'ification kit (Invitrogen, Grand Island, 
Ny, USA) prior to nucleic acid sequencing. DNA sequencing was perfom1ed at ID Genomics, Inc. (Seattle, WA, 
USA). 

2.4 High Resolution Melt (HRM) analysis 

Exfl·acted DNA from each bacterial organism was subjected to two PCR amplifications of the V3 hypervat'iable 
region. Reactions were perfonned in t11plicate and amplified on a LightCycler 480 Iustrunlent II (Roche, 
Indianapolis, IN, USA). Each PCR sample was examined in duplicate for high resolution melting analysis (HRMA) 
and analyzed using the Gene Scanner software version 2 .0 (Roche. Indianapolis, IN, USA). Melting curves 
generated from HRMA were analyzed by generating derivative plots to assess the number of melting peaks. 
"Autogrouping" was perfotmed on the difference plots to group all positive samples with sitnilar curve shape within 
the same analysis subset. A muque letter code was assigned for each group identified, starting with the letter 'A ' and 
progressing alphabetically. The HRMA melting cmves generated from V3 target region for each sample were then 
compared to sequence data. 

2.5 Data analysis 

Spectra were itnpotted into MATLAB® and preprocessed. Specflal differences obsetved between the Raman spectra 
of the mean Gram positive and mean Gram negative bacterial isolates were subtle (Figure 1 ). 
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Figm·e 1. Mean of preprocessed Raman spectra for Gram positive bacterial isolates (A) Gram negative bacterial isolates (B). 

In an attempt to visualize and highlight spectral differences between Gram positive and negative isolates, and to 
select the most discrimit1ative regions, mean spectra were subject to baseline removal with a sixth order polynomial 
and intensity nonnalization to the 1004 cm·1 Raman vibrational band. TI1e Raman spectla were then plotted as a 



scaled image (Figure 2). FigUl'e 2 highlights the increased intensity of Gram positive spectra in the 1200-1500cm·' 
and 1500-1700 em·' Raman spectral regions compared to the Gram negative spectra. 
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Figtu·e 2. Scaled color map image of preprocessed spectra representing Gram positive and Gram negative isolates. 

For multivariate statistical analysis, including Pa1tial Least Squares Discriminant Analysis (PLSDA) and 
Hierarchical Cluster Analysis (HCA), both were perf01med using PLS Toolbox (Eigenvector Research, Inc., 
Wenatchee, WA, USA). PLSDA is a multivariate inverse least squares discrimination method used to classify 
samples. It calculates a prediction probability and classification threshold for each class modeled<3'>. HCA is a 
common unsupervised pattem recognition method which generally ftmctions by calculating the distance between 
samples in the original independent variable space <32>.HCA was performed using Ward's linkage and Euclidean 
distance. Spectra were preprocessed by selecting the spectl·al window from 1200-1700 em·', applying polynomial 
baseline c.onection, intensity n01malization, and mean centering. To avoid ove1training of data, the least number of 
latent variables with the lowest root mean square enor of cross validation results of training data were selected. 

The remaining datasets of biochemistries, antimicrobial resistances, and HRM data were analyzed by autoscaling 
and perfomling HCA using Ward's linkage and Euclidean distance. DNA Sequences were analyzed using multiple 
sequence alignment of a 1250 base pair region, wllich was perfonned using MUSCLE (multiple sequence 
comparison by log-expectation) method and cmated using G-blocks<33

) Each base was coded with a numerical value 
prior to perfonning HCA with Ward's linkage and Euclidean distance. Note that there are two missing data points in 
the HRM data, as data was not acquired for these two samples (Enterococcus faecalis and Escherichia coli). 

3. Results 

First, a PLSDA model was developed to discrinllnate between Gram positive and Gram negative bacteria using the 
28 calibration bacterial samples (a total of252 spectra), and the remaining 14 bacterial samples (126 spectra) were 
used for validation of the PLSDA model. The resulting PLSDA latent variables and prediction values of the model 
for each sample were then averaged and fed into the HCA algoritlun (FigUl'e 3A). Similarly a second and third 
PLSDA models were developed to discrinlinate between Acinetobacter, Citrobacter, Enterobacter, Escherichia, 
Klebsiella, Morganella, Pseudomonas and Stenotrophomonas (Gram negative bacteria, FigUl'e 3B) and 
Staphylococcaceae and Enterococcaceae (Gram positive bacteria, FigUl'e 3C), and then presented as HCA 
dendrograms. Additionally, HCA dendrograms are presented for biochemistl-ies (Figure 4A), antimicrobial 
resistances (FigUl'e 4B), High Resolution melt data (Figure 4C) and DNA sequencing (Fig\ll'e 4D). 
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Figure 3. Hierarchical Clusters of Raman spectra data of all isolates modeled at the gram level (A) and at the genus level
representing gram negative (B) and gram positive (C) isolates. Validation samples are marked with ‘*’.

Figure 4. Hierarchical Clusters of Biochemical (A), Antimicrobial resistance (B), High Resolution Melt (C) and DNA 
sequencing (D) datasets of all bacterial isolates. Validation samples are marked with ‘*’. 



In order to compare the performance of the Raman spectral hierarchical clustering to the hierarchical clustering of 
the other data types, external criteria of Rand index and purity were calculated using the a priori knowledge at the 
Gram and genus taxonomic levels for all hierarchical trees of the datasets. The Rand index is defined as the number 
of pairs of objects that are either in the same groups in both partitions or in different groups in both partitions, 
divided by the total number of pairs of objects (34). Purity or ‘cluster accuracy’ is computed by assigning each cluster 
to the class which is the most frequent in the cluster and then taking the weighted sum of the number of correctly 
assigned documents in each cluster. In both Rand index and purity, bad clustering result in values close to 0 and 
perfect clustering gives a score of 1.  

Given that we have several different types of datasets, it is expected that the resulting hierarchical trees will have 
variation in the structure of the resulting clusters. For this reason, the Rand index and purity values were calculated 
by using a widely known method described by Milligan and Cooper(35) called ‘cutting the dendrogram’. In this 
method, the hierarchical tree is scanned to detect the level possessing the optimal recovery of the desired 
clusters. Each of the dendrograms displayed in Figures 3 and 4 were individually evaluated and a ‘cutoff’ point was 
determined to reveal the inherent groupings of the datasets at the different taxonomic levels. The Rand index and 
purity values for the various datasets are presented in Table 2. 

    Rand Index Purity
    Gram +/- Family Genus Gram +/- Family Genus
Raman 
Spectra

Gram - 0.952 0.668 0.881 0.976 0.87 0.869
Gram + 0.933 0.933 0.947 0.947

Biochemistries 0.952 0.868 0.942 0.976 0.833 0.905
MIC and SIR 1.0 0.901 0.929 1.0 0.952 0.714
DNA Sequences 0.655 0.86 0.806 0.786 0.833 0.69
HRM 0.569 0.806 0.877 0.7 0.775 0.675

Table 2. Rand Index and Purity values of the five datatypes at gram, family and genus taxonomic levels.

The resulting Rand index and purity values of Raman spectra give comparable results with the other data types, 
particularly with biochemical data and antimicrobial resistance data at both the Gram and genus levels. In viewing 
the resulting dendrograms, Figure 3A shows the correct separation of the gram negative and gram positive isolates
with the exception of one sample, giving a Rand index value of 0.952. Additionally, genus level clustering 
demonstrates accurate clustering of most isolates, as evidenced by high Rand indexes (0.881 for Gram negative 
species and 0.933 for Gram positive species). Based on these results, it is apparent that Raman spectroscopy has the 
ability to discriminate bacteria species with high specificity. Furthermore, classification accuracy values for the 
three PLSDA models generated from Raman spectra of the bacterial isolates were 88.1%, 66.68% and 90.48% for 
Gram status and genus (Gram negative and Gram positive, respectively). 

4. DISCUSSION

After applying the validation set to our initial model formed by 28 samples, it became apparent that clustering on the 
gram level first was necessary before attempting to cluster by family or genus. Many studies have sought to cluster 
sets of closely-related bacterial strains and species. The clearest downside to such an approach is that in a clinical 
setting, there are countless possibilities for sources of bacterial infection. The most important questions to be 
answered are whether bacterial infection is present and which drugs should be administered to fight the infection. 
Knowing this, we can continue to create and improve our models by first starting with the broad question (Is there 
infection? Is this infection from a gram-positive or gram-negative bacteria?), and move towards more specific 
classifications (family, genus, species and strain). While such an approach will surely require developing and testing 
of multiple models, it may be the most practical technique to identifying bacterial infections outside of the lab and in 
a clinical setting. 

As this study was preliminary in nature, there are many more methods to be explored and modifications to be made. 
For example, it is apparent that both the PLSDA and HCA models performed optimal at the gram level (Figure 3A) 
and genus level for the gram positive isolates (Figure 3 C). This could be due to the fact that there are 8 different 
genera modeled under the gram negative sub-group (Figure 3B), thereby making it more challenging for a higher 
model performance. This can be improved by enlarging our number of training and testing samples.



Many other data analysis approaches have been explored and found useful by researchers. In Rosch and Harz (36), 20 
different strains of 9 gram-positive bacterial species typical of clean-room contaminants were successfully clustered 
using a SVM model (support vector machine). Rather than the traditional approach of training and testing a model, 
the SVM model automatically determined which peaks are relevant for discrimination between the spectra and a 
leave-one-out method was used to determine recognition rate for each strain and species. Such an approach could be 
useful in our case, given that our bacteria are highly diverse and it is difficult to determine which spectral regions are 
relevant for classification at the lower taxonomic levels. In addition, the fluorescence background that plagued many 
of the Raman spectra turned out to be useful. While several attempts were made to reduce fluorescence such as 
sample rinsing and photobleaching, the residual differences in the level of fluorescence between species may have 
contributed to better discrimination between bacterial isolates when applied to the models presented. In the future,
other excitation wavelengths and methods for signal enhancement (surface enhanced Raman spectroscopy) will be 
used to determine if identification and classification of bacteria is possible in a complex biological milieu such as 
wound effluent.

5. CONCLUSIONS

Raman spectroscopy has proven to be a powerful tool for 'whole-organism' fingerprinting due to its ability to reveal 
both the chemical composition and structural formation of biological molecules (37). By creating and validating 
PLSDA and HCA models using Raman spectroscopic data of a wide range of bacterial isolates, this study has 
demonstrated the capability of Raman spectroscopy in discriminating between bacterial isolates with high 
specificity. Moreover, the fact that the clustering of the Raman data was comparable to that of current bacterial 
identification tools such as antimicrobial susceptibility testing and biochemical testing, promotes the idea that this
technology could be used to reliably identify bacterial isolates. Such a notion could revolutionize routine pathogenic 
identification approaches by providing a rapid and noninvasive method making Raman spectroscopy a powerful 
point-of-care tool in clinical settings.
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ABSTRACT

Over 30% of combat injuries involve peripheral nerve injury [1] compared to only 3% in civilian trauma [2]. In fact, 
nerve dysfunction is the second leading cause of long-term disability in injured service members [3] and is present in 
37% of upper limb injuries with disability [4]. Identification and assessment of non-penetrating nerve injury in trauma 
patients could improve outcome and aid in therapeutic monitoring. We report the use of Raman spectroscopy as a non-
invasive, non-destructive method for detection of nerve degeneration in intact nerves due to non-penetrating trauma. 
Nerve trauma was induced via compression and ischemia/reperfusion injury using a combat relevant swine tourniquet 
model (>3 hours ischemia). Control animals did not undergo compression/ischemia. Seven days post-operatively, sciatic 
and femoral nerves were harvested and fixed in formalin. Raman spectra of intact, peripheral nerves were collected using 
a fiber-optic probe with 3 mm diameter spot size and 785 nm excitation. Data was preprocessed, including fluorescence 
background subtraction, and Raman spectroscopic metrics were determined using custom peak fitting MATLAB® 
scripts. The abilities of bivariate and multivariate analysis methods to predict tissue state based on Raman spectroscopic 
metrics are compared. Injured nerves exhibited changes in Raman metrics indicative of 45% decreased myelin content 
and structural damage (p<<0.01). Axonal and myelin degeneration, cell death and digestion, and inflammation of nerve 
tissue samples were confirmed via histology. This study demonstrates the non-invasive ability of Raman spectroscopy to 
detect nerve degeneration associated with non-penetrating injury, relevant to neurapraxic and axonotmetic injuries; 
future experiments will further explore the clinical utility of Raman spectroscopy to recognize neural injury.

Keywords: Raman spectroscopy, Nerve, Ischemia/Reperfusion Injury, War Wounds, Trauma, Extremity Wounds

1. INTRODUCTION

Nerve injury is a serious consequence of both civilian and military trauma. Historically, war time injuries have served as 
the predominant clinical informant of nerve injury and repair. A survey of 5000 civilian traumas found only 3% involved 
peripheral nerve injury [2]. This is in stark contrast to modern combat-related injuries, which are most frequently due to 
high energy insults and characterized by multi-zonal, severe tissue damage to all types of tissue. A survey of US combat 
injuries sustained in a nine month period of Operation Desert Shield and Desert Storm indicated nerve injury 
accompanied 30% of limb traumas [1]. In a cohort of 450 medically retired, wounded soldiers (injured between October 
2001 and January 2005) loss of nerve function was the second leading cause of disability both in frequency and impact 
severity [3]; and 37% of upper limb injuries within this cohort exhibited nerve dysfunction [4]. Within open tibial 
fractures resulting from conflicts occurring between 2003 and 2007, 22% involved nerve injury [5]. Most recently, the
2013 Extremity War Injury Symposium named major peripheral nerve injury as one of the greatest current challenges to 
surgical management of upper extremity war injuries [6]. Not only do peripheral nerve injuries lead in frequency within 
combat wounded service members, extremity wounds total nearly two-thirds of initial hospitalization and approximate 
disability costs [7]. Excision of non-viable tissue and repair are paramount to proper treatment, recovery, and reduction 
in disability. Therefore, the identification, localization, and prognostication of peripheral nerve injury are necessary to 



both improve patient outcomes, quality of life, and potential for return to active duty or occupational responsibilities. In 
addition, these advancements would serve to reduce medical and support costs of combat casualties and civilian traumas.

Nerve dysfunction may be identified via physical exam and patient reported alteration in sensory and or motor function 
or by electromyography and nerve conduction studies prior to surgery if injury severity allows. However, superimposed 
traumatic brain injuries and other central nervous system trauma cloud recognition of peripheral nerve injury as the 
source of altered function; and electromyography and conduction studies merely illustrate dysfunction somewhere 
between the brain and nerve innervating the muscles tested. Both methods provide limited information on the location of 
and source of dysfunction. Localization of nerve damage is conventionally made during surgery and relies upon some 
visual cue of abnormal tissue. The decision to excise and undergo reconstruction or graft, or simply wait and observe,
depends heavily upon the experience of the surgeon. Peripheral nerve injury may be classified using either Seddon [8] or 
Sunderland [9] systems, based upon the increasing level of connective tissue disruption and concomitant, decreasing
outcome. Such systems provide guidance as to the necessary level of surgical intervention but rely on a system of 
description that requires information not readily available without time consuming and destructive, histopathological 
examination. Non-penetrating nerve injury ruptures and scars tissue beneath the external epineurium and may not be 
visible. Without removal or treatment, patients are at risk of continued motor and sensory loss, abnormal function, 
muscle atrophy, and neuroma formation. Retention of healthy tissue and nerve length are important factors in repairing 
penetrating nerve injury to preserve and restore function. Removal of damaged nerve at the borders of penetrating nerve 
trauma is also vital for reinnervation and avoidance of scar tissue and neuroma formation. Without a real-time, objective 
metric of nerve tissue injury, clinical treatment is limited. Raman spectroscopy is a non-destructive, noninvasive optical 
technique that can provide detailed compositional information about tissue, both ex vivo and in vivo [10-15]. Raman 
spectroscopy has the potential to guide surgical decision making to excise or not to excise tissue at all levels of nerve 
tissue disruption. It may also be combined with other biomarkers to build risk assessment models. Previous Raman 
studies of peripheral nerve tissue have examined only normal sectioned tissue [16, 17], sectioned tissue with minor
ligation injury [18], or the histomorphometry of intact, non-injured tissue [19] all via microscopy. We present the first 
report to detect nerve damage in intact peripheral nerves using a Raman fiber-optic probe and tourniquet induced injury, 
with potential for translation as a hand-held tool to aid in surgical decision making.  

2. METHODOLOGY

2.1 Nerve Injury Model

In an IRB approved protocol (USUHS protocol 11-SUR-816; NMRC protocol 11-OUMD-13), ten adolescent female 
swine (sus scrofa) were anesthetized and randomized to sham (n=5) and 4.7 hour tourniquet (n=5) experiment arms.  
Tourniquetion was accomplished via pneumatic tourniquet inflated to 250mm Hg placed on the proximal left lower 
extremity. The sham study group had catheters placed but no induced ischemia by tourniquet application. Following 
ischemia, the limb was allowed to reperfuse for 30 minutes after which animals were awoken from anesthesia and 
observed for a period of seven days, prior to euthanasia. At one week post procedure, animals were euthanized and 
sciatic and femoral nerves harvested and formalin fixed. (Sham: 5 Sciatic and 3 Femoral, Tourniquet: 5 Sciatic and 1 
Femoral). 

2.2 Raman Spectroscopy of Nerves

Fingerprint Region (600-1800 cm-1): Nerve samples were examined ex vivo via Raman Spectroscopy using a Kaiser 
Rxn1 PhAT probe 785 nm system (Kaiser Optical Systems, Inc., Ann Arbor, MI, USA) with 3 mm diameter excitation 
spot size. Dark subtracted and intensity-corrected spectra were acquired at four locations within each intact nerve using 5 
second acquisitions and 20 accumulations each (Figure 1A). Preprocessing of spectra was conducted using in-house 
MATLAB® scripts. Spectra were truncated to 600-1800 cm-1 and baseline subtracted using a fourth-order polynomial 
fitting routine described in Cao and Freeman [20]. Finally, spectra were intensity normalized to the phenylalanine band 
at 1004 cm-1. Following preprocessing, spectra were curve fit using mixed Gaussian and Lorentzian functions of known 
Raman spectral bands based on the algorithms of GRAMS/AI software fitting features (Thermo Fisher Scientific, 
Madison, WI, USA). Raman spectral band assignments of nerve tissue are found in Table 1. An example of peak fitting 
of nerve tissue spectra is shown in Figure 1B. Band area ratios (BARs) were calculated using curve fit derived band 
areas of peaks of interest. BARs calculated include sphingomyelin content [(719+760)/1004 cm-1]; cholesterol content 



[(608+700)/1004 cm-1]; lipid/protein content (1439/1455 cm-1); protein-lipid disorder, or PLD (1240/1270 cm ), a 
measure of -sheet and disordered protein over -helix, ordered protein and lipids; protein disorder I (1240/1455 cm ), 
a measure of -sheet and disordered protein over total protein; and protein disorder II (1240/1340 cm ), a measure of -
sheet and disordered protein over total protein.  

Table 1. Raman spectral band assignments of nerve tissue [21], [22].    

C-H Stretch Region (2700-3100 cm-1): Nerve samples were examined ex vivo via Raman Spectroscopy using a Perkin 
Elmer RamanStation 400F, which utilizes 785 nm laser excitation and 100 micron diameter excitation spot. Dark 
subtracted and intensity-corrected spectra were acquired at eight locations within each intact nerve using 10 second 
acquisitions and 20 accumulations each. Spectra were truncated to 2700-3100 cm-1. Spectra were curve fit using mixed 
Gaussian and Lorentzian bands using GRAMS/AI software fitting features (Thermo Fisher Scientific, Madison, WI,
USA). BARs calculated include symmetric CH2/CH3 stretches (2850/2930 cm-1) indicative of lipid/protein content and 
myelination [16].

Figure 1. A) Raw Raman spectrum of porcine, peripheral nerve tissue using hand-held fiber-optic probe B) Mixed Gaussian and 
Lorentzian peak fitting. 

2.3 Tissue Histology

Following Raman collection, nerve samples were paraffin embedded and H&E sections and Luxol blue/Cresyl violet
sections stained. Under 100× magnification, H&E and Luxol blue/Cresyl violet stained sections were examined by a 
veterinary pathologist and given a histological score. Histological scoring assessed the levels of degeneration, infiltrate,
and hemorrhage in each tissue section of nerve. Signs of degeneration include the presence of axonal swelling, dilated 
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myelin sheaths, cellular debris, macrophages, and digestion chambers. Infiltrate is characterized as the presence of 
lymphocytes and plasma cells indicate hemorrhage. Separate scores were assigned for degeneration, infiltrate, and 
hemorrhage using the following system: NSF: No significant findings, 1. Minimal:  < 5%, 2. Slight: 5-25%, 3. Moderate: 
25-50%, 4. Marked: 50-75%, and 5. Severe: > 75% of the nerve affected. Degeneration, infiltrate, and hemorrhage
scores were added together to obtain an overall combined histological score of nerve damage for each nerve. 

Figure 2: H&E (top) and Luxol Blue/Cresyl Violet (bottom) stained histological section of sham (left) and tourniqueted nerves  
(right), 20x magnification.

2.4 Statistical Analysis 

Raman metrics between sham and tourniquet samples were compared using a two-tailed Student’s t-test; p-values less 
than 0.05 are considered statistically significant. Scatter plot comparison of univariate metrics was examined for 
differences across treatment groups. Correlation of each Raman metric with combined histological scores of nerve 
damage was determined by calculating Pearson’s correlation coefficients. Principal component analysis (PCA) of raw 
Raman spectral data between 600-1800 cm-1 was executed using PLS Toolbox (Eigenvector Research, Inc., Seattle, WA,
USA) with automatic Whittaker filter baselining, band area normalization, and mean centering preprocessing prior to 
model building. Outliers outside of the 95% confidence interval were identified by a Hotelling/T2 plot and removed.

3. RESULTS

Histological findings both confirmed and characterized Wallerian degeneration in tourniquet treated animals. Swollen 
axons and dilated myelin sheaths, digestion chambers containing macrophages and cellular debris, and increased 
lymphplasmacytic infiltrate were evident in longitudinal sections of H&E stained peripheral nerve tissue from tourniquet 
animals (Figure 2, top right) when compared to sham (Figure 2, top left). Luxol blue and Creysl violet stained, transverse 
nerve sections of tourniquet samples (Figure 2, bottom right) reveal reduced myelin and increased nuclei content 
indicative of degeneration and infiltration when compared to sham (Figure 2, bottom left). Combined histological scores
of nerve damage indicated slight to moderate damage according to cellular findings with some variation in the level of 
damage produced by tourniquet injury. Visual and histological inspection verified that the injuries examined were non-
penetrating, as indicated by the preservation of external epineurium layers and disruption of internal epineurium and 
endoneurium layers (characteristic of neurapraxic and axonotmetic, non-penetrating injuries). 

Raman metrics in the fingerprint region (Figure 3) showed significantly decreased sphingomyelin ([(719+760)/1004 cm-

1], p=0.004), cholesterol ([(608+700)/1004 cm-1], p=0.005), and overall lipid content (1439/1455 cm-1, p=0.02); and 
significantly increased PLD (1240/1270 cm , p=0.007), protein disorder I (1240/1455 cm , p=0.001), and protein 
disorder II (1240/1340 cm , p=0.001) in tourniquet treated samples indicative of demyelination and nerve fibrosis. 
Raman spectra obtained in the C-H stretching region (2700-3100 cm-1) are shown in Figure 4A. CH2/CH3 stretches
(2850/2930 cm-1, p=0.00002) were significantly decreased in tourniquet treated samples (Figure 4A, inset) indicative of 
decreased lipid/protein content and demyelination.
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Bivariate scatter plotting of Raman metrics and multivariate methods of Raman BARs were examined to detennine 
suitable metrics for distinguishing between injured and non-injured nerves. These groups are not distinguishable in the 
scatter plot of C-H stretch region band areas (Figlll'e 4B) which describes demyelination alone. A scatter plot of protein 
lipid disorder (1240/1270 cm-1) vs. protein disorder IT (1240/1340 cm-1) demonstrate the potential to distinguish tissue 
type (sham and toumiqueted peripheral nerve) using fingerprint region Raman band area ratios representative of 
lipid/myelin loss and structural damage (Figure 5A). PCA of the raw fmgetprint region spect1·a resulted in three principal 
components with >99.9% variation explained by PC 1 and PC 2. PCA analysis shows less separation between sham and 
tourniqueted nerves (scores, Figure 5B) than with bivariate a11alysis. 

Con·elation of Raman metrics with combined histology scores was not significantly high, however analysis revealed 
higher cmTelation for fingerprint region Raman metrics than more commonly reported C-H region metrics (fingetprint 
region metrics: 0.6 Pearson' s cmTelation coefficient, C-H stretch region metrics: 0.4 Pem·son's conelation coefficients). 
This suggests that Raman fiber-optic probes, most commonly sold with gratings only out to 1800 cm·1 may perfonn 
better at differentiating dan1aged nerve than commercial Raman microscopes due possibly to both lm·ger tissue volume 
sampled and more sen'Sitive metrics using fingerprint region Ran1an fiber-probes. 
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4. DISCUSSION 

Nerve injmy involves an initial phase of cell death at and armmd the injmy site due to mechanical trauma triggering 
cellular and excitatory molecular infiltration. Damage progresses by scar tissue fom1ation around the lesion and distal 
demyelination and continued necrosis. In this study, we report changes in fmge1print region of Raman spectra indicative 
of demyelination and stmctural damage in peripheral nerves, damaged by tomniquet application. Significant decreases in 
the Raman spectral band areas of choline and phosphocholine bands [(719+760)/1004 cm·1], free form and cholesterol 
ester band areas [(608+700)/1004 cm·1], and lipid band areas are evidence of myelin loss. Minami.kawa et al. first 
associated changes in 2850/2930 cm·1 CH:Y'CH3 stretches with myelination in efforts to distinguish between healthy 
myelinated and tmmyelinated peripheral nerves using Raman microscopy with visible light excitation but reported no 
differences between the types of nerve in the fingerprint region [16]. Morisaki et al. examined sciatic rat nerves injmed 
by short term ligation also using visible light excitation Ra111an microscopy and similarly noted a decrease in the 
CH2/CH3 stretch band ratio as a metric of myelination; these changes were then cmTelated to a decrease in myelin/axon 
tumover using immunohistochemical staining for myelin basic protein and NF200 [18]. Saxena et al. , using Raman 
spectroscopy with near infrared excitation to examine both hemisected and contused rat spinal cord, demonstrated 
significant decreases in band areas in the fingerprint region of the Raman spectrum, attributed to cholesterol and lipid 
[23]. To the authors' knowledge, results herein are the first report of cl1anges in the finge1print region of the Raman 
spectrum that can be associated with myelin loss in peripheral nerve injmy. A significant decrease in the 2850/2930 cm·1 

metric herein con·oborates changes in finge1print metrics with previous literatme measmes of demyelination. 
Additionally, we report changes in Raman spectral bands indicative of the relative disorder of protein within nerve 
tissue: significantly increased PLD (1240/1270 cm-1) , protein disorder I (1240/1455 cm-1), and protein disorder II 
(1240/1340 cm-1) metrics were observed. An increase in these BARs may also be described as a decrease in a- helix 
content relative to total protein and may be markers of axonal death, structtu·al damage, and nerve fibrosis; and are 
particularly important when exa1nining intact nerve in a clinical setting as outcome is not determined solely by initial 
myelin loss following traUllla. Previously mentioned studies examined sectioned nerve fibers via Raman microscopy 
without examining the smTotmding layers of connective tissue. Real-time monitoring of nerve health within the smgical 
suite requires the ability to assess whole nerve health to detennine patient risk Fiber-optic probes with millimeter scale 
excitation spot sizes and penetration deptllS, low laser light exposme, and sensitivity of near-infrared excitation are more 
practical within a clinical setting than visible excitation and microscopy teclmiques, which have been previously used 
[16-19], and have the potential to provide real-time optical biopsies. 

The qualitative changes Raman spectroscopy demonstrates in nerve tissue composition following injmy illustrate the 
utility of Raman as vital tool in basic research. For translation into a clinical tool, Raman spectroscopy may be used 
alone to decipher between healthy and injured tissue and subsequently combined with other objective biomarkers to 



determine outcome and assess risk. A scatter plot of PLD (1240/1270 cm ) vs. protein disorder II (1240/1340 cm )
demonstrates the potential to distinguish tissue type (sham and tourniqueted peripheral nerve) using fingerprint region 
Raman band area ratios representative of lipid/myelin loss and structural damage. Bivariate analysis of C-H stretch band 
areas, indicative of myelin loss alone, are not suitable for identifying traumatically injured, peripheral nerves. 
Multivariate analysis is currently en vogue, yet powerful when applied appropriately. It often more accurately identifies 
variables that separate groups than simple univariate or bivariate analyses in which the importance of variables are pre-
selected based on descriptive metrics such as BARs. This is particularly true as the complexity of the data increases. 
Raman data contain a large number of variables (~4,000 Raman shift data per spectrum), therefore, there is potential for 
multivariate spectroscopic analysis to be more sensitive than univariate/bivariate methods even with a small sample size.
We employed PCA as a conservative method for identifying injury groupings in our data. PCA corroborates the bivariate 
simplicity of the data with >99.9% variance explained by the first two components; but shows less separation between 
sham and tourniqueted nerve types compared to bivariate scatter plots of fingerprint region Raman metrics. PCA and 
other complex analyses of variance are often overused in pilot studies with small sample sizes without examination of 
simpler analytical techniques or the use of conceptually based metrics. Multivariate analysis of peripheral nerve spectral 
data may perform better than results shown herein in a larger data set by increasing sample size or when combined with 
non-spectroscopic data. However, the performance of bivariate description of data should not be overlooked. 
Multivariate methods may not be advantageous or Raman metrics (instead of raw spectra) may perform better in a larger 
model. Decreased complexity of analytical methods and data processing reduces computational time between spectral 
collection and tissue categorization, and the use of pre-selected Raman BARs may aid in standardization of analysis for 
clinical use.  

5. CONCLUSIONS

Injured nerves exhibited changes in Raman metrics (p<<0.01) indicative of: decreased sphingomyelin, cholesterol, and 
lipid content; and increased protein disorder. Axonal and myelin degeneration, cell death and digestion, cellular 
infiltration, hemorrhage, and inflammation of tourniqueted samples were confirmed via histology. Raman spectroscopy 
using fiber-optic probes with near infrared excitation detects myelin degeneration and structural damage within intact 
nerves. Scatter plot comparison of Raman metrics indicative of both lipid/myelin loss and protein disorder demonstrates 
the potential for identification and isolation of injured peripheral nerve tissue in a more robust and simplified manner 
than PCA multivariate analysis or than when using C-H stretch region myelination metrics. Raman spectral BARs in the 
fingerprint region may also correlate with histological markers of nerve injury better than Raman spectral BARs in the 
C-H stretching region. Additionally, fingerprint region differences between injured and non-injured nerves may not be 
easily detectible using visible light excitation. This study is limited by the number of samples and serves as a 
demonstration of the potential and non-invasive ability of Raman spectroscopic fiber-optic probes with near infrared 
excitation to detect nerve damage associated with non-penetrating injury relevant to neurapraxic and axonotmetic 
injuries in peripheral nerve tissue and the importance of whole-tissue measurements for clinical use. The use of 
histological scoring in future studies would be aided by the incorporation of fibrosis measures into the combined scoring 
system used within this study. In the future, Raman data may be combined with other biomarkers indicative of nerve 
injury and outcome for prediction of risk stratification in the clinic in a larger scale study.  
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Military Medicine- NMRC 

Our team leverages real-world experience in combat casualty care: 
heterotopic ossification, wound healing, advanced surgical imaging, 
transplant tolerance, and stem cells. 

In addition, we develop novel and dynamic bioinformatic approaches to 
deliver point-of-care personalized medicine. 

• 3-CCD Imaging 

• IR Imaging 

• Raman Spectroscopy 

Technologies that can non-invasively and 
objectively assess the wound 
microenvironment are critical for 
understanding and evaluating the wound 
healing process. 

Accurate assessment of extremity injuries 
and wounds is necessary for appropriate 
treatment in the operating room. 1800 1600 1400 1200 1 000 800 600 

Raman Shift (cm-1) 



Acute Combat Wounds 

Modern war ballistics inflict devastating extremity injuries, 
violating soft tissue, bone, and neurovascular structures. 

Complex war wounds require aggressive surgical care. 
Serial debridements are performed to remove devitalized 
tissue and decrease bacterial load. 

High-pressure irrigation and vacuum-assisted closure 
device (VAC) application have improved wound 
management. 

The ensuing inflammatory response ultimately dictates 
the pace of wound healing and tissue regeneration. 

Despite these technological advances, the basic surgical 
decision regarding appropriate timing of war wound 
closure remains subjective, and some wounds dehisce. 
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Raman Spectroscopy 
Raman spectroscopy can be utilized non
invasively and provide real-time feedback. 

Raman spectra of biological materials are not 
affected by spectral interference of water. 

Raman spectroscopy is sensitive to both organic 
and inorganic components. 

15 x 11 x 0.7 nm 

300 nm l ~~~WxH) 
Bone is 35°/o organic material and 65°/o inorganic 
material. 

For organic material: 90°/o of organic material is type I 
collagen, 1 Oo/o noncollagenous proteins. 

For inorganic material: commonly assumed to be some 
form of hydroxyapatite- Ca10(P04h(OH)6 but more 
closely resembles a B-type carbonated apatite 
Caa.3o1.7(PO 4)4_3(C03)1 (HPO 4)o.7(0H )o.3. 



JTI 

Raman Fiber Probe Data Collection 

Approximately 1 cm2 tissue biopsy is excised from the center of the wound bed. 

Tissue is fixed in 10% neutral buffered formalin for storage. 

Prior to spectral acquisition, samples are rinsed in 0.9% NaCI saline solution. 

1 

1 2 

~ ~ 2 

Examine multiple spots across the tissue. 

14 accumulations, 5s spectrum 
7 accumulations, 10s spectrum 

1800 1600 1400 1200 1000 800 600 
Raman Shift (cm-1) 



Peakfitting for Spectral Deconvolution 

1800 

1.0 
<D 
<D ...-

1600 

Raman Shift (cm-1) 

860 
920,940 

1004 
1040 
1125 
1250 

1320 
1445 
1555 
1665 
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1400 1200 

Raman Shift (cm-1) 

Vibrational Band Assignment 

v(C-C) 

v(C-N), v(C-C) 

v(C-C) ring 

v(C-C) skeletal 

v(C-C), v(C-N) 

v (C-N) and o(N-H); Amide Ill 

o(CH2) twisting 

o(CH3) and o(CH2> scissoring 

v(C=O); Amide I 

1000 800 600 

Component 

nucleic acids 

nucleic acids, keratin 

phenylalanine 

nucleic acids, protein 

nucleic acids, protein 

protein 

nucleic acids, protein 

protein 

aromatic amino acids, heme 

protein 
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Heterotopic Ossification (HO) 
Heterotopic ossification (HO) refers to the aberrant formation of mature, 
lamellar bone in non-osseous tissues. 

Currently, orthopaedic surgeons faced with treating mature, refractory, 
symptomatic HOare left with few options other than operative excision. 

Potter at a/. J Bona Joint Surg Am. 2007;89:476-486. 

Following most civilian trauma, HO formation is relatively rare in the 
absence of head injury. Even following traumatic brain or spinal cord 
injury, it develops in only 20°/o and 11 °/o of patients. Rates of HO 
formation exceed 50o/o only in the setting of femoral shaft fractures with 
concomitant head injury and severe burns. 
Potter at a/. J Bone Joint Surg Am. 2010; 92, Supp/2: 74-89. 

USA Today, February 12, 2006. ORTHOPEDICS 2008;31(12):1237. 
UPOJ 1998;11:59-66 . 
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What is needed is a technology can risk stratify the development of HO and identify tissue 
that ma become HO- Raman s ectrosco . 



Muscle Histopathology 

shcatll of connective tissue 

Myofibrils are composed of actin and myosin filaments 
and form muscle cells. Muscle cells are myofibers and 
bundle to form fascicles, which form muscle. 

Normal muscle myofibers are relatively uniform. 

Injured muscle myofibers are surrounded by fibrous 
connective tissue. 

Closer examination demonstrates inflammation 
(evidenced by lymphocytes), myofiber degradation, 
necrosis, and hemorrhage in injured muscle tissue. 

Nonnal Muscle Injured Muscle 
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HO Osteoid Histopathology 

Osteoid is the unmineralized, organic portion of the 
bone matrix that forms prior to the maturation 
of bone. Bone forming cells, or osteoblasts, begin the 
process of forming bone tissue by secreting osteoid. 
When the osteoid becomes mineralized, it and 
adjacent osteoblasts develop into new bone tissue. 

Immature osteoid (early HO) on H&E stained slides 
appears more eosinophilic than mature bone and 
only stains blue with Masson's trichrome. 

As the osteoid matures (mature HO), Masson's 
trichrome reveals osteoid that stains both blue and 
red . 

Von Kossa staining corroborates these results by 
demonstrating a greater degree of mineralization 
(darker stain) in the mature osteoid. 

Early HO 

200um A'~<-

Mature HO 



Heterotopic Ossification Histopathology 

In this particular patient, the HO 
developed directly adjacent to the 
femur, beneath a skin grafted area 
which had been treated with 
INTEGRA® bioartificial dermal 
replacement (Integra Life Sciences; 
Plainsboro, NJ) application pre-skin 
graft. 

The HO lesion was excised over 160 
days post-injury, after ulcerating and 
becoming persistently symptomatic. 

Mature HO demonstrates cortical 
and trabecular bone- osteons with 
clear and organized cement lines, 
Haversian canals, and bone marrow 
elements. 



Comparison of Histology for Patients with and 
without HO 

H&E stained slides made from wound biopsies from1 0 combat wounded patients were graded by a pathologist 
for: regeneration, degeneration (muscle atrophy), acute inflammation (presence of neutrophils), chronic 
inflammation (presence of lymphocytes and macrophages), necrosis, and hemorrhage. 

Additionally, slides were evaluated for presence of nerve bundles (S-1 00) and brown fat (UCP-1 ). 
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Scoring used to grade 
tissue sections: 

0 - not present 

1 - mild (present in 1-25% 
of tissue) 

2 - moderate (present in 26-
75% of tissue) 

3 - severe (present in 76-
1 00% of tissue) 



Osteogenic Gene Expression Correlates with Development of HO 

Biopsy specimens from 54 high-energy penetrating extremity wounds obtained at the initial and final 
surgical debridements were evaluated. The levels of selected osteogenic-related gene transcripts from 
RNA extracts were assessed by quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) 
analysis. 

Gene Initial debridement 
Fold change 
(normalized 95%CI p-value 
to GAPDH) 

ALPL 4.1 3.5-4.8 0.006 
BMP-2 4 .8 4 .3-5.4 0.001 
BMP-3 2.1 1.6-2.5 0.060 

COL2A1 4.7 4 .2- 5.3 0.001 
COL10A1 4 .3 3.6-5.0 0.001 
COL11A1 6 5.1--6.8 0.006 

COMP 4.2 3.8-4.6 0.020 
CSF2 4 .8 4 .2-5.3 0.003 
CSF3 5.8 5.2--6.3 0.012 
MMP8 5.8 5.4--6.5 0.001 
MMP9 4 .5 4 .1-5.1 0.014 
SMAD1 4.4 3.9-5.2 0.024 
VEGF-A 4.2 3.6-4.8 0.017 

Final debridement 
Fold change 
(normalized 95%CI p-value 
to GAPDH) 

6.2 5.7--6.8 0.054 
8.2 7.7-8.8 0.001 
2.9 2.4-3.3 0.083 
8.4 8.1-8.9 0.004 
8.5 7.8-9.1 0.001 

10.8 9.2- 10.4 0.010 
7.9 7.3-8.4 0.032 
8.7 8.2-9.5 0.003 
9.2 8.5-9.9 0.024 
9.3 8.7- 9.6 0.001 
9.1 8.8-9.5 0.030 
8.1 7.5-9.0 0.028 
8.3 7.8- 8.9 0.001 
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As a result of its key role in 
osteogenesis, the concentration of 
BMP-2 in the effluent of 29 wounds 
also was determined. 

3~, 
Non-HO 0 
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Initial Final 

Debridement 

The expression of transcripts necessary for synthesis of cartilaginous matrix (COL2A 1, COL 1 OA 1, 
COL 11A 1, COMP) and tissue remodeling (MMP8, MMP9) were upregulated in wounds in which HO 
developed. 
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HO/Raman Spectroscopy Pilot Study 
Tissue biopsies, approximately 1 cm3 , were obtained during surgical procedures and immediately snap 
frozen. 

Normal Muscle 
(n=1 0) 

Injured Muscle 
(n=1 0) 

Samples were thawed no 
more than 15 minutes unfixed 
and were immediately 
refrozen after spectral 
collection. 

p•!•iP 

Early HO 
(n=1 0) 

~ 

I ~ 

Mature HO 
(n=1 0) 

I ~ 

Normal Bone 
(n=4) 

-
c:=> 

Muscle and early HO tissue biopsies were paraffin-embedded and stained with hematoxylin and eosin 
(H&E), Masson's trichrome, and Alcian blue. 

Mature HO tissue was embedded in glycolmethacrylate (GMA) and stained with H&E and Von Kossa 
stains. 

' 



Raman Spectrum of Bone 

v (cm-1) Band Assignment Component 

l 593 v4 P043- bending - - hvdroxvapatite 

0.65 821 v(CC) of backbone collagen; muscle 
856 v(CC) of hydroxyproline ring collagen; muscle 

873 v3 P-OH stretching 
.--

bone . - ·- -
876 v(CC) of· y ·roxypro··ne ring collagen; protein 
921 v(CC) of proline ring collagen; protein 

0.6 938 v ,CC, of ,.rotein backbone collagen. muscle. protein 
945-952 v1 POl· stretch amorphous calcium phosphate 

959 v 1 PO 4 3- stretch hydroxyapatite 

1004 v(CC) aromatic ring Phe: collagen; muscle 

1032 v3 P043- ; v(CC) skeletal; C-0 stretch bone; collagen; muscle 

0.55 
1071 -- v1(COl") - - bone 
1075 - - - v3 POl· stretch ·- - - hydroxyapatite 

1080 v(CC) and v(CN) skeletal collagen; muscle 

1159 v(CC) and v(CN) skeletal carotenoid 
1178 v(CC) and v(CN) skeletal collagen; muscle 

Amide I 
1244 8(CH2) wagging; v(CN) amide Ill disordered/~sheet collagen; muscle 

0.5 

0.45 ...,._.,..._...., ____ ... _,..._....,. __ .,. 

440 640 840 1040 1240 1440 1640 1840 

Raman Shift ( cm-1) 

1274 
1297 
1343 
1385 
1448 
1524 
1552 
1665 

v(CN) and I)(NH) amide Ill a-helix collagen; muscle 

8(CH2) twisting collagen; muscle 

y(CH2, CH3) wagging collagen; muscle 

8(CH3) symmetric collagen 

8(CH2) scissorino collaoen: muscle 
caro·eno 

.. 
collagen: muscle 

v(CC) ring stretch collagen; muscle; Trp 

v(CO) amide I collagen; muscle 

Using Raman spectroscopy, can we identify early changes in tissue that correspond to 
the development of HO? 

J 



::J 

C'O -c 
'Ci) 
c 
Q) .._.. 
c 

.._.. 
Q) 

~ 
0 

Raman Comparison of Muscle and HO 

I r i 

1600 1400 1200 1000 

Raman Shift (cm-1) 

800 

For the HO tissue, whether early or mature, the 
Amide I band shifts to a higher frequency and is 
centered at 1660 cm-1. 

The intensity of the 1340 cm-1 Raman vibrational 
band is decreased in the spectra of the HO tissue 
compared to the uninjured muscle tissue. 

The 1270 cm-1 and 1240 cm-1 Raman vibrational 
bands are increased in the spectra of the HO 
tissue compared to the uninjured muscle . 

The most notable difference in the spectrum of 
the mineralized HO tissue is the presence of the 
960 cm-1 band, a v1 P-0 stretching mode. 

Finally, the intensities of the 921 cm-1, 876 cm-1, 
and 855 cm-1 bands are more intense in the 
spectra of the HO tissue than in the spectrum of 

600 the uninjured or injured muscle. 

J Bone Joint Surg Am. 2010 Oec;92 Supp/2:74-89. 



Raman Spectral Band Area Ratios (BARs) 

Band area ratios (BARs), a pseudoquantitative measure, were calculated by dividing the band area of a 
Raman band of interest (for example 1070 cm-1) by another band area (for example 1445 cm-1). 

Compositional trends in related samples can be explored using BARs, such as: 

-an increase in mineral carbonation (1 070/960 cm-1) 

- a decrease in reducible collagen crosslinking (1680/1660 cm-1) 

- mineral carbonation ( 1 070/960 cm-1 and 1 070/1445 cm-1) 

- mineral maturity (945/960 cm-1) 

-collagen order/disorder (1240/1270 cm-1) 

-Protein a-helical structure (1240/1300 cm-1) 

- mineral crystallinity is determined by the full width at half 
maximum of the 960 cm-1 v1 phosphate band 

7~' 

1070 cm·1 

I ~ ~ I r rJ~~,N \~ h)~ 
Raman Shift (cm-1) 



Comparison of Raman Spectral BARs 
In general, when comparing muscle (normal or injured) to HO tissue (early or mature), we note a decrease in the 1660/1445 cm-1 

(p<0.03), 1680/1445 cm-1 (p=0.28), and 1340/1270 cm-1 (p<0.01) BARs. 

There is also an increase in the 1640/1445 cm-1 BAR (p<0.1), the 1240/1270 cm-1 (collagen order/disorder) BAR (p<0.03), and the 
1240/1300 cm-1 (protein a -helical structure, p<O. 001). These changes in BARs can also be examined as a progression of normal 
tissue to diseased tissue. 
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- a decrease in reducible collagen crosslinks 

- protein order/disorder (1240/1270 cm-1) 

- protein a -helical structure (1240/1300 cm-1) 

• early HO •mature HO 

1340/1270 
(height)* 

Transition from normal to 
injured muscle -

j 1660/1445 cm-1 and 
1640/1445 cm-1, collagen 
order/disorder, and 1340/1270 
cm-1 BRs. 

Transition from injured muscle 
to HO tissue -

i 1660/1445 cm-1 and 
1680/1445 cm-1 BAR 

j in the collagen order/disorder 
BAR and the protein a -helical 
structure BAR. 

Bone. 2013 Sep 5;57(2):335-342. 



Normal Bone versus HO 
Early HO tissue was surgically removed within 165 days post-injury (mean) while mature HO was excised on average 
over 600 days post-injury. 

- mineral carbonation (1070/960 cm-1 and 1070/1445 cm-1) 

- mineral immaturity (945/960 cm-1) 

- mineral crystallinity is determined by the full width at half maximum of the 960 cm-1 v 1 phosphate 
band 

2-------------------------------- As bone matures -

1.8 
• early HO • mature HO a normal bone 

1.6 

1.4 

1.2 

1 

0 .8 

0 .6 

0.4 

0.2 

normal 
femur 

o I t::~ 
.... 1 9~4~51:~96~0~*1 

adjacent 
HO 

1107019601 1 1o1o11445* 1 

t 945/960 cm-1 BAR and j 1070/1445 cm-1 BAR 

Early HO has the highest mineral immaturity BARs 
and the lowest mineral carbonation BARs. 

This trend is reversed for mature HO -

• the mineral immaturity BARs are lower than 
early HO 

• mineral carbonation BARs are higher than early 
HO tissue. 

Mineral crystallinity is higher in mature HO samples 
than in normal bone or early HO samples. 



Discrimination of HO Tissue by Raman Metrics 
PLS-DA- supervised machine learning that uses classical PLS regression to regress a 
categorical variable, i.e. development of HO. 



Discrimination of HO Tissue by Raman Metrics 

Cross-validation Actual no HO 

Predicted no HO 13 

Predicted HO 1 

Prediction Actual no HO 

Predicted no HO 

Predicted HO 

Sensitivity = 1 00°/o 
Specificity = 80o/o 

4 
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--
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11 

Actual HO 

0 

5 
-

Positive predictive value = 83.3°/o 
Negative predictive value = 1 00°/o 
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> :~ o.5 r----*::_ ___ L I 

(/) 

0.5 

1-Specificity 

HO 



H
et

er
ot

op
ic

O
ss

ifi
ca

tio
n

In
 th

is
 p

re
lim

in
ar

y 
st

ud
y,

 w
e 

us
ed

 R
am

an
 s

pe
ct

ro
sc

op
y 

to
 d

is
ce

rn
 m

ol
ec

ul
ar

 c
ha

ng
es

 th
at

 th
at

 o
cc

ur
 p

rio
r t

o 
an

d 
du

rin
g 

th
e 

fo
rm

at
io

n 
of

 H
O

. 

W
hi

le
 m

at
ur

e 
H

O
 ti

ss
ue

 is
 g

en
er

al
ly

 a
pp

ar
en

t u
po

n 
ph

ys
ic

al
 e

xa
m

in
at

io
n 

an
d/

or
 ra

di
ol

og
ic

 e
xa

m
in

at
io

n,
 

im
m

at
ur

e 
an

d 
la

rg
el

y 
un

m
in

er
al

iz
ed

H
O

 ti
ss

ue
 is

 n
ot

 a
s 

cl
in

ic
al

ly
 o

bv
io

us
. 

Th
e 

R
am

an
 s

pe
ct

ra
 o

f v
ar

io
us

 ti
ss

ue
s 

de
m

on
st

ra
te

 th
at

 th
er

e 
ar

e 
cl

ea
r d

iff
er

en
ce

s 
in

 th
e 

A
m

id
e 

I a
nd

 A
m

id
e 

III
 s

pe
ct

ra
l r

eg
io

ns
 o

f H
O

 ti
ss

ue
 c

om
pa

re
d 

to
 n

or
m

al
 m

us
cl

e 
tis

su
e,

 w
hi

ch
 m

ay
 in

di
ca

te
 w

he
th

er
 o

r n
ot

 
m

us
cl

e 
tis

su
e 

w
ill

 d
ev

el
op

 H
O

. 

R
am

an
 s

pe
ct

ro
sc

op
y 

al
so

 p
ro

vi
de

s 
in

si
gh

t i
nt

o 
th

e 
ac

tu
al

 m
in

er
al

iz
at

io
n 

of
 th

e 
so

ft 
tis

su
e.

R
am

an
 s

pe
ct

ro
sc

op
y

ca
n 

be
 a

da
pt

ed
 a

s 
an

 o
bj

ec
tiv

e,
 in

tr
ao

pe
ra

tiv
e,

 n
on

-in
va

si
ve

 m
ea

ns
 b

y 
w

hi
ch

 to
 

ris
k 

st
ra

tif
y 

w
ou

nd
s,

 a
nd

 c
an

 b
e 

pe
rf

or
m

ed
 in

 re
al

-ti
m

e.
  

P
re

lim
in

ar
y 

pr
ed

ic
tio

n 
m

od
el

s 
fo

r “
de

te
ct

io
n”

 o
f H

O
 a

re
 p

ro
m

is
in

g,
 w

ith
 g

re
at

er
 th

an
 8

0%
 s

en
si

tiv
ity

 a
nd

 
sp

ec
ifi

ci
ty

.

If 
R

am
an

 s
pe

ct
ro

sc
op

y 
de

m
on

st
ra

te
s 

th
at

 a
 w

ou
nd

 h
as

 R
am

an
 s

pe
ct

ra
l f

ea
tu

re
s 

as
so

ci
at

ed
 w

ith
 th

e 
fo

rm
at

io
n 

of
 H

O
, p

ro
ph

yl
ax

is
 c

ou
ld

 b
e 

em
pl

oy
ed

 in
 s

el
ec

t c
as

es
.  

A
lte

rn
at

iv
el

y,
 in

 a
re

as
 th

at
 a

pp
ea

r p
ro

ne
 to

 H
O

 d
ev

el
op

m
en

t t
he

 c
lin

ic
ia

n 
ca

n 
co

ns
id

er
 e

ar
ly

 p
re

fe
re

nt
ia

l 
ex

ci
si

on
 o

f p
re

-H
O

 ti
ss

ue
 w

hi
le

 th
e 

pa
tie

nt
 is

 u
nd

er
go

in
g 

de
br

id
em

en
t a

nd
/o

r a
m

pu
ta

tio
n 

re
vi

si
on

 fo
r f

in
al

 
cl

os
ur

e.



Overall Concept 
1) Apply best of breed technologies in 

- biomarker analysis 
-informatics 
- medical technology 

2) Clinical Decision Support tools can be developed that can optimize and personalize 
treatment using patient-specific clinical variables combined with local and systemic 
biomarkers. 

3) Goal: maximize patient outcomes while minimizing complications. 

I ~ u 
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Peripheral Nerves & Injury 

longitudinal ve~sels on the 
...e~'"£ .,_ extrrnsic epineurium 

r>? . =· - _; .... 01&: .... ""ii&i.: 

Internal 
,;;.v -~ epineurltJm 

Axon 

Uorw roo• {;2oglion

UnlruJ.t., t.'i'Jl btoJy 

ltpin«~nurn~ .. -~. ·. ~\ 
~- . ~ . , · .. v ...... ... ..;. 

~t.yelin ----... 

Axis crlimkr-

Sl~o.d V~Ut'l$ 

Ref.1 Ref. 2 '-M t•on• cn<l-pl~tt' ~nl;ltjr ~lfnillltJ 

Classification Tissue Disruption Recovery Potential Raman Application 

Monitoring repair Neuropraxia Demyelination 

Axonotmesis Axon 

Endoneurium 

Perineurium 

Neurotmesis Epineurium 

Complete 

Good to Poor, 1 mm/day Detection of damage 

Poor, Surgery may be required Detection of damage 

Poor, Surgery may be required Detection of damage 

Surgery Required Triage of nerve tissue 



• 

• 

• 

• 

• 

Nerve Injury in Combat Wounded 

Over 30°/o of combat injuries involve peripheral nerve injury3•4 compared to only 3°/o in 
civilian trauma.s 
Nerve dysfunction is the second leading cause of long-term disability in injured service 
members6 and is present in 37°/o of upper limb injuries with disability. 7 

Identification and assessment of non-penetrating nerve injury would improve outcome and 
aid in therapeutic monitoring. 
Previous Raman studies of nerve tissue have assessed only normal sectioned tissue, 8·9 

sectioned tissue with penetrating trauma, 10 intact non-injured tissue, 11 ·12 or intact chemically 
demyelinated tissue 13 all via microscopy. 
To our knowledge, this is the first report to detect nerve degeneration using a Raman 
spectroscopy fiber optic probe. 

3. Hansen MO, eta/. Mil Med. 1994 7. Rivera JC eta/. Bone and Joint J. 2014 11 . Huff TB, eta/. J Microscopy. 2007 -4. Roganovic Z, eta/. Vojnosanit Pregl. 1995 8. Minamikawa T, eta/. Histochem Cell Bioi. 2013 12. Belanger E, eta/. J Biomed Opt. 2012 
5. Nobel J, J Trauma. 1998 9. Wang H, eta/. J Trauma. 2011 13. Shi Y, eta/. J Biomed Opt. 2011 
6. Cross JD eta/. J Am Acad Orthop Surg . 2011 10. Morisaki S, eta/. J Biomed 0 t. 2013 14. Kan JS, eta/. JAm Acad Orthop Surg. 2011 ~ ~ 

~/1111111r 



Peripheral Nerve Crush Injury 

Yorkshire Swine(Sus scrofa domesttca) - 23-36 kg 

Sham 
(n=5) 

tourniquet 

- . -l 
Tourniquet 

-...J 

' 3.5 hours (n=5) 

-

I 
4. 7 hour (n=S) 

• A pneumatic tourniquet is applied to 
the limb (250 mm Hg) for 3.5 or 4. 7 
hours . 

• After the limb is reperfused, the 
animal is survived for 1 week. 

• At necropsy, sciatic and femoral 
nerves are harvested, formalin fixed 

ex vivo samples for analysis 



Tissue Analysis 

Raman Spectroscopy: Kaiser Rxn 1 , 785 
nm excitation, PhAT probe with 3mm 
spot size, 4 spectra per sample. 

Histology: paraffin embedded, H&E and 
Luxol blue/Cresyl violet. 

Statistical Analysis: Raman metrics are 
compared using a two-tailed Student's 
t-test; p-values <0.05 are considered statistically 
significant. 

Sample Size 
Sham: 5 Sciatic and 3 Femoral 
Tourniquet: 5 Sciatic and 1 Femoral 



Raw Data & Preprocessing 

2x 105 Raw spectra: 5 sec acquisitions, 20 
accumulations 
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Wavenumber (cm-1) 

Backround Subtraction: automated 
4th order polynomial fit 

Based on "A robust method for 
automated background subtraction 
of tissue fluorescence." Alex Cao, 
2007, JRS. 

1 004 cm-1 normalization 
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Combined Histology Scoring Confirms Nerve 
Injury: Degeneration and Infiltrate 
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Abstract f 
Tllete hU been i great deil ofintertst lntht \.ISoe of RamanspecttOSOOPV In the 
biomedical faekl due to its r.Jpidity Md noninvasiw natu~. In this study, weaim to 
evaluate the reliabnlty of Raman s;pectroscoPVfor the purpose o f bacterial spedes 
differentiatiOn. Usln&J $;1m pit $ott of 28 uniQUe baa etta I umples a.ssodated With 
dinlcallnfectSons, we performed cluster analyses of Raman spectra, blochemlaJ t ests, 
hl&h resolutiOn melt!,.. data (HRM), DNA. s.tQUencesand antimicrobial J.USCeptibUity 
tests of miniroom inhibitory concentratiOn {MICtanda musure of dee;reeofreshtance 
(SlRtdata seu. C-lusteri!'W was performed In MAnAB uslncmultllfal1att statiSttCII 
t frChniques- • h~Jt:hical duster ~natysis with various distances and linba;ts. DNA 
Jequences wereewluated using Multiple SeQuence Compa.rison by Log-Expectation 
{MUS<Uttoftwart aswel u tn MATlAS. In « dtr to QVMtJfv thtvt~Bdltyoft'lle:Se 
dustM, F-measureswerec.alo.Jiated for the hieraJChlcal dlAterircof Raman spectr.t, 
bkX'hemlSttleS, HRM, DNA.seQI.Itnc:t.. MICand S-lR dita sets.. In iddltJOI'I, wt oornpared 
tht re:sultirc dMdrograonsof ea<:h dusterln& to known classification of tht. bacteria 
using a taxonom1c chart as. a point of refefence. In eva.luatlng the F-measure values of 
thf Raman spectra.\ duue~ne in compati:son to theduste!'lrc,of other data types, we 
obserwconslstent correctdusterlngofbacteria. This sturf.{clearlydemof'6trates 
rellabll!tY of Reman anatyW for l»<:ttt1alldel'ltific.auon down to the spe:cieS level. ())r 
ultimate goal is to produce a model for evak.lating wound bioburden using Raman 
s-pectroscopy u a fa.s.w, more effiCient wiy to detect the Pf't'S.ente of bactetlal 
infection. 

Background l 
RtNable application o( Raman spectroscopy in a clinical setliflC could revolutionize ro.rtine 
identlflcauon of p.atlqenie orpnts.m.s. MaNV s.tud~ have been oonduc.ted on Raman 
identification of microbial Of&anismst:Nertheytars, but none have Urcetfd the 
identff'lcat:Jon of microbial Infection in combat-related lnj.lrtes spedflcalty. Current 
methods of idtnu~ bactetlal infectiOn rety oncultunngmk::robes from I)Oitient materhlll 
and pelformlng blochemic:aJ tests, which togetherGJn take 2-3days to complete. If Raman 
spearoscopyooold rt<:Ognlze bacter1allnftcti01'1 from patient matel1aldlrtctly, physicians 
would~ a bit to determlnt course of treatment and diUgadmtnistration ina matter of 
hours. In this preliminary study, a number of bacterla known to GJuse dlnlcallnfections 
are crown on solid OJltu19 media and Ramanspec:t.ra are obtained. Additionally, various 
typesofdataareanatyzed for oomparison, lndudlrc biochemiCill arrays, h•h resolutk:wl 
meldrwPOints, ON-' sequences, aNtimiCrobial WKe:PUbll!ty ttst.s., ind deiJte of ttS<~stance 
tests. Next, we plan on ta»ng spectra of effluent samples fmmcombat·~ated wounds 
and perform a s.lmltar duster anal~s ba.sed on ourOJrrent flndlrws. 

Materials & Methods 

HTr/hR.,_.,don M<t lno (IMM}: 
• Exact temperature at which double st randed DNA-separates was determined u$)r'C 

HRM analysis of eac-h iSOtatt 
Blodtmtlcd data : 

BD Phoentx •• panels gJ\Ie resvlts (+«- }foran array of enrvrnatStand btochemk:al 
substrates 

DNA. uqumce: onolyzed using www.phybgeny.frl 
MUSCLE method of multiple sequen~ alien~t 

• GBJodcscurat lon 
Antlmlaoblol ttlbtmot: BD Phoenl~ .. AnUmiCtobl81 SUS<:tPtlblllty TestWTt results 
• Susceptiblt, Intermediate or Rtslstant {~R) 
• Mnln-«Jm lnhibitoryConcenttatlOn {MIC) 
• any reslstance rnarke~ found 
RtmmSpectro : 

Refe~enct: bacterial iSOlates 1f0wn on lBAand 
blood agar plates for 48 hours. 
9spectra tak.en ftOm ptattd Amp\es 
(4 from blood agar, s from LBA.) usine 785-oflm 
lase1 with spot s.ll:e of 3 m m 
Preproctssin& of spectra 
PartialleaseSqua.tes 01sa1mlnant Analyses (PlSOA) 
method us.ed to develop da.s.s.ificauon modeP 

Evaluation of Raman Spectroscopic Discrimination between Bacterial Strains and 
Species using Hierarchical Cluster Analysis 

Nicole Crane\ Meron Ghebremedhin\ Shubha Yesupr iya1 

'Naval Medical Research Canter (NMRC), Silver Sprin , MD 

Results 

Step 1: PrtPro«sssntof $9tari 
S•mple AIIC!,..I !rC -> Rc:.a.on Selcchofl 7 O.:scinc Rrmcwlll --.)> lnt emnv norm •l!r .• hon _,. Me-1n Ce:rUt'rln& 

, .... /{;J\r Slll'fU<l M~an ». •o I r't1.·proc"-~S<:d 5tk!t' lra .). £liUl 

)" J~:j ~~~~~~~ .. 
li'OC . ... 14R f $1 n., _ .. 

~.,.!(lOll) ~St-41<111-IJ 

Step 2: Modet Oewlopmenl 
~rtlai t..ea~e Squ~res CH~Ctlrn lnJnt An.11yses{PLSO•t as a m:~fttvarl:te lnvetSt. lUll squar~ diS<rlrnltUflon mt·ti\Od 
used to cl.anifys. .. mples. h. okul~~ a predichon probability and._ dusif•c:abon thr'~shold tor ~Kt! dan modeled.;) 

Step 1: Model AnaJysH 
R)ft\:111'1 S~tt.l du~~rll'lt.was eomo~red to dunl!!ftnl o' otller d~t~ rvo.M al'ld tJ:Iieln<tl'l'lle d~ufluuon of b.KUft~ 
In OfMt to ccmpart ~nd meaw:e d uster v&id1ty, ~measures were cak'\ltned for n ell data tvpe on the c~u.s. 
t-amilv. •nd tr..rn+/-if'Vet~ F·m•:.s>1rt:l$, the h.:.rrmnlc ~.an of prel';Uon ~d t~tall:1 

., 
f'r''l!'ri'JiiOrt =iii;;; .. 

h«,.ll ~ fP .,, F = 2 rtcUtut '*"" 
w~r...-..-r~('tfl 

f\t,qi,;,.,..J;.b,.....f\~Ah•t• 

PRPO~(tdbd:•e-•~ 

firwtlft~ 
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Summary of Results & Conclusions 

/UviWallze<S tn OOIYIPiftson of ~own taxonomicclu.s.ifia:ltlon With our model for Ral'l\8n 
das.slfcation. {Fes. 2and 3a) t llt modelis.sucxessful incorrecdydassifyi,_ a majol1tyof 
thtlsolateslnto MJus.i\le famity' &roup:s.. Thts.demonstnltes thtabllltyofR8Man s.pec-tta 
dat~ to differentiate betwetnbaattia uslf'W PLS.DAand h~rthical duster analysis. 

·-· 
~allenges 

It should be noted t llat whil!dUS1el1neof 
Ramanspectralsdearlynotpelfect, neither 
areaNVoftl'le other data WPtS (Ags.3bo3e}. F"· 
measurtsdeomonsttate similar p11!Clsi0n ~nd 
recall fordtndroerams of each dat'a type (flS,. 
41. 

There was concern that manysa.mplesga\llt highly fluoresc:en t spectra .. However, this 
mayha~ actually contributed to betterdlscrlmlnat.ion between bacterlallsolates when 
applied to our model. 
Ocxas.lonally, spectra f rom blood agar plates wwld appe..- dlstlncdydlfferent !;han 
tnos.eofLBAPiatesfortheSCI!Ut iSO~te. wededded that tn the future we us.eontyt.BA 
plates. 

Future Plans 
TestHCA model with a validatlon set of bacterlallsolates. 
COiaect speara usJrcSERS and uslrcan 83<Mlm laser and ttPeat t'XI)er1ment 
Cotlect spectlil of wound effluent samples directly to determine If Identificat ion and 
d a$$JRcaUon ofbacte11allnfecti01'11S p0$$1blt V~l\l our mod~. 
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Military Medicine- NMRC 

Our team leverages real-world experience in combat casualty care: 
heterotopic ossification, wound healing, advanced surgical imaging, 
transplant tolerance, and stem cells. 

In addition, we develop novel and dynamic bioinformatic approaches to 
deliver point-of-care personalized medicine. 

• 3-CCD Imaging 

• IR Imaging 

• Raman Spectroscopy 

Technologies that can non-invasively and 
objectively assess the wound 
microenvironment are critical for 
understanding and evaluating the wound 
healing process. 

Accurate assessment of extremity injuries 
and wounds is necessary for appropriate 
treatment in the operating room. 

• 
Wound Repair Regen 2010 Jui-Aug;18(4):409-16. 
JUral. 2010 Oct:184(4):1279-85. 

J Biomed Opt 2012 Jan:17(1).·010902. 

J Bone Joint Surg Am. 2010 Dec:92 Supp/2:74-89. 
J Pediatr Surg 2012 Jan:47(1 ): 142-7 

Bone. 2013 Se 5;57(2 :335-342 

1800 1600 1400 1200 1 000 800 600 
Raman Shift (cm-1) 



Acute Combat Wounds 

Modern war ballistics inflict devastating extremity injuries, 
violating soft tissue, bone, and neurovascular structures. 

Complex war wounds require aggressive surgical care. 
Serial debridements are performed to remove devitalized 
tissue and decrease bacterial load. 

High-pressure irrigation and vacuum-assisted closure 
device (VAC) application have improved wound 
management. 

The ensuing inflammatory response ultimately dictates 
the pace of wound healing and tissue regeneration. 

Despite these technological advances, the basic surgical 
decision regarding appropriate timing of war wound 
closure remains subjective, and some wounds dehisce. 
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Clinical Data 

Clinical data includes mostly observational variables. 

I ID ] ISS head Blood products 

Age ISS face Type of closure 

BMI ISS chest Wound type 

Tobacco use ISS abdomen Amputation 

Mechanism of injury ISS extremity Surface Area 

OIF/OEF ISS skin Vascular injury 

TBI ISS total Neurologic injury 
. -

Identifiers were removed from the analysis. 

Outcome related data points were removed. 

Antibiotic beads 

Wound outcome 

H 0 wound and grade 

Days post injury 
-

Days until closure 

APACHE II 

Albumin 
---

Antibiotics (19 types) 

Neurontin 

Am bien 

Valium 

Nortriptyline 

Amitriptyline 

Seroquel 

Data points with too many missing values were excluded - VTE, detailed blood product 
information. 



Luminex (Multiplex Protein Assay) 

The Luminex 100/200 System is a flexible analyzer based on the principles of flow 
cytometry. 

The system enables you to multiplex (simultaneously measure) up to 100 analytes in a 
single microplate well , using very small sample volumes. 

• family of 100 fluorescently dyed 5.6 micron-sized polystyrene microspheres that act 
as both the identifier and the solid surface to build the assay 

• flow cytometry-based instrument 

• Company software which is designed for protocol-based data acquisition with 
robust data regression analysis 

IL 10 IL 17 IL2R IL6 I IP1 0 I MIP1 
Sd!O\ple Anal)'!~ ~ ¥ ~;' ylo l!dll ~ Eota IR~ n~ IL 12 IL 1a IL3 IL7 I MCP1 I RANTES .. . .. 

~ • . • .. oa 

FGF ,l . JIFNa IL 13. SC[epQd~B IL4 • . \ I GCSF I'-l:f_Ny I IL 15 1\ IL2 I ILS ·---' 
IL8 

\ ___. ---+ 

r t 
http:llwww.luminexcorp.com/ProductsllnstrumentsA.uminex100200 



Raman Spectroscopy 
Raman spectroscopy can be utilized non-invasively and 
provide real-time feedback. 

Raman spectra of biological materials are not affected by 
spectral interference of water. 

Raman spectroscopy is sensitive to both organic and 
inorganic components. 

USA Today, February 12, 2006. 

Some biopsies may contain both soft tissue (muscle, fat, 
vessel, neNe) and mineralized tissue (cartilage and bone). 

!:!eterotopic QSsification (HO) refers to the aberrant 
formation of mature, lamellar bone in non-osseous tissues 
and is a complication in over 60o/o of 01 F /OEF combat 
wounds. 



Raman Spectroscopy for Wound Healing 

1 2 

c==) c==) c==) 

Approximately 1 cm3 of 
tissue is collected from 
the center of the debrided 
wound bed. 

Several spots are 
examined on the biopsy. 

~ 
c 
~ 
1/) 

:.c 
<I> 
0 

1 

-g 0.5 
:::1 
0 
~ 
~ 
~ ·u; 
c 
<I> 
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1-Specificity Wound Dehiscence 

92.9% Sensitivity, 83.3% Specificity for wound dehiscence 

Confusion 

Predicted 

Raman Shift (cm·1) 

Actual 

Healed 

Dehisced 

Healed 

25 

6 

Dehisced 

1 

26 

A prediction model (PLSDA) can be created and 
validated. 
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Clinical Data - PCA 
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Luminex Data - PCA 
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Clinical Variables - PLSDA 
Predicted ROCs - all variables except outcome 
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Clinical Variables - KNN 
Cross-validation Data 
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Luminex Variables - PLSDA 
Predicted ROCs - all variables except outcome 
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Luminex Variables - KNN 
All Luminex variables- serum and effluent 
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k=318, class center, excluded 29154 samples for calibration, 27113 samples for prediction (random subsets- 16 splits, 10 iterations) 



Raman Spectra (785nm) Only 
PLSDA Predicted ROCs 
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Clinical and Luminex Variables 
PLSDA Predicted ROCs - clinical and serum 
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Clinical, Luminex, and Raman Variables 
PLSDA Predicted ROCs -clinical, Luminex and Raman 
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Summary of Results 
Classification 1 Data Sets Sensitivity Specificity PPV ' NPV : F score ' Accuracy DOR 
PLSDA C (:t:O) 72 .7 76.7 61 .5 84.6 0.67 75.3 9.5 

~ ~ ,_-- - ,_ 
~ 

PLSDA C (:t:O), POC 54.2 75.7 46.4 65.1 I 0.52 r 63.1 2 .7 - ' - 1- - -
KNN c (,.0) r~ 0.0 77.5 0.0 72 .1 0.00 59.0 0.0 

~ - 1-- ~ ~ 

PLSDA L, all 45.5 92.6 71.4 80.6 0.56 78.9 10.4 - - - 1- - -
PLSDA L, eff 11 .1 94.3 33.3 80.5 0.17 I 77.3 2 .1 

-

KNN L, all 100.0 I 100.0 100.0 100.0 1.00 I 100.0 ~ 

KNN L, eff ,... ~ - l 
~ ,...,... ,... 1 ,... ,... . ,....._ ,..._,... ,.., ,...,... r -.... ,... .1 

-

PLSDA R ---- T -... ,...,... ,... ...... _ - =-r ,... _,... f ,...,.., ,.., .. . 9 
-

KNN R 68.2 r 93.0 83.3 85.1 r 0.75 I 84.6 28.6 
~ 

PLSDA C, L serum T ~~ ~ I n., r: r:7 .1 0., ., n."2 .- 70 0 ~~ 

- T 

KNN C, L eff 91 .7 100.0 100.0 97.6 0.96 98.1 I 
-

PLSDA all 
,--

77." + ,...,... ,... 
. --- ,..._-

" ."5 
r- _,...,... ~ -,... 

100.0 . 
. . - I - r KNN all 0.0 33.8 I 0.51 33.8 

-----

The diagnostic odds ratio is a measure of the effectiveness of a diagnostic test -the ratio of 
the odds of the test being positive if the subject has a disease relative to the odds of the test 
being positive if the subject does not have the disease. 

F-score is the harmonic mean of precision and recall. 
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Overall Concept 
1) Apply best of breed technologies in 

- biomarker analysis 
-informatics 
- medical technology 

2) Clinical Decision Support tools can be developed that can optimize and personalize 
treatment using patient-specific clinical variables combined with local and systemic 
biomarkers. 

3) Goal: maximize patient outcomes while minimizing complications. 

I ~ u 
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Military Medicine- NMRC 

Our team leverages real-world experience in combat casualty care: 
heterotopic ossification, wound healing, advanced surgical imaging, 
transplant tolerance, and stem cells. 

In addition, we develop novel and dynamic bioinformatic approaches to 
deliver point-of-care personalized medicine. 

• 3-CCD Imaging 

• IR Imaging 

• Raman Spectroscopy 

Technologies that can non-invasively and 
objectively assess the wound 
microenvironment are critical for 
understanding and evaluating the wound 
healing process. 

Accurate assessment of extremity injuries 
and wounds is necessary for appropriate 
treatment in the operating room. 1800 1600 1400 1200 1 000 800 600 

Raman Shift (cm·1) 



Acute Combat Wounds 

Modern war ballistics inflict devastating extremity injuries, 
violating soft tissue, bone, and neurovascular structures. 

Complex war wounds require aggressive surgical care. 
Serial debridements are performed to remove devitalized 
tissue and decrease bacterial load. 

The ensuing inflammatory response ultimately dictates 
the pace of wound healing and tissue regeneration. 

Despite these technological advances, the basic surgical 
decision regarding appropriate timing of war wound 
closure remains subjective, and some wounds dehisce. 
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Wound is surgically cleaned 

Protein assay 

Raman spectroscopy 
Micro culture 

Sample Collection 

NPWT is applied 

Collect 1 cm3 tissue biopsy 
from center of wound bed 

RT-PCR 
Raman spectroscopy 

Micro culture 

Effluent is collected 

Protein 
assay 

Serum is 
collected 
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Raman Spectroscopy 

::::::> 

E1---

Eo 

Fluorescence 

Incident radiation (photon) 
excites the material to a 
vibrational state, where some 
energy is dissipated, and then 
emitted as photon so that the 
molecule relaxes back to the 
ground state. 

E2 

E1 ___ _L_===== 
Infrared 

Radiation (energy from a 
photon) is absorbed by the 
material, exciting a vibrational 
mode. 

E2 

E1 __ .L__===== 
Raman 

Radiation (energy from a 
photon) interacts with the 
material, exciting it to a "virtual" 
vibrational state before emitting 
a photon (longer wavelength) 
to return to the ground state. 



Peak Fitting for Spectral Deconvolution 

1800 
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1600 

Raman Shift (cm"1) 
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1040 
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Raman Shift (cm-1) 

Vibrational Band Assignment 

v(C-C) 
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v(C-C) skeletal 
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o(CH2) twisting 
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v(C=O); Amide I 

1000 800 600 

Component I 
nucleic acids 

nucleic acids, keratin 

phenylalanine 

nucleic acids, protein 

nucleic acids, protein 

protein 

nucleic acids, protein 

protein 

aromatic amino acids, heme 

protein 
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Clinical Data 

Clinical data includes mostly observational variables. 

1 ID ] ISS head Blood products 

Age ISS face Type of closure 

BMI ISS chest Wound type 

Tobacco use ISS abdomen Amputation 

Mechanism of injury ISS extremity Surface Area 

OIF/OEF ISS skin Vascular injury 

TBI ISS total Neurologic injury 
~ . 

Identifiers were removed from the analysis. 

Outcome related data points were removed. 

Antibiotic beads 

Wound outcome 

HO wound and grade 

Days post injury 

Days until closure 

APACHE II 

Albumin 

Antibiotics (19 types) 

Neurontin 

Ambien 

Valium 

Nortriptyline 

Amitriptyline 

Seroque l 
-

Data points with too many missing values were excluded - VTE, detailed blood product 
information. 

~ 



Luminex (Multiplex Protein Assay) 

The Luminex 100/200 System is a flexible analyzer based on the principles of flow 
cytometry. 

The system enables you to multiplex (simultaneously measure) up to 100 analytes in a 
single microplate well, using very small sample volumes. 

• family of 1 00 fluorescently dyed 5.6 micron-sized polystyrene microspheres that act 
as both the identifier and the solid surface to build the assay 

• flow cytometry-based instrument 

SJX'(Udlly dl51lmb~ W1th 
allv.gaJoo.malyl~ ~aroibcdy 

~leAnMf'll!lo 

. ·-.· .. • 
•• . \ 

GGSF 

IL 10 

IL 12 

IL 13 

JL%+ 

http:liww.v.Juminexcorp.com/ProductsllnstrumentsA..uminex100200 

IL2R I IL6 



Raman Spectroscopy 
Raman spectroscopy can be utilized non-invasively and 
provide real-time feedback. 

Raman spectra of biological materials are not affected by 
spectral interference of water. 

Raman spectroscopy is sensitive to both organic and 
inorganic components. 

USA Today, February 12, 2006. 

Some biopsies may contain both soft tissue (muscle, fat, 
vessel, nerve) and mineralized tissue (cartilage and bone). 

!:!eterotopic QSsification (HO) refers to the aberrant 
formation of mature, lamellar bone in non-osseous tissues 
and is a complication in over 60o/o of OIF/OEF combat 
wounds. 



Raman Spectroscopy for Wound Healing 

1 2 

c:=> c:=> c:=> 

Approximately 1 cm3 of 
tissue is collected from 
the center of the debrided 
wound bed. 

Several spots are 
examined on the biopsy. 

~ 
c 
~ 
Ill 
E 
<I> 
0 

1 

-g 0.5 
::l 
0 
~ 
Z' ·;;: 
'<=' ·u; 
c 
<I> 
(f) 

0 

¢=J 

0 0.5 

1-Specificity Wound Dehiscence 

92.9% Sensitivity, 83.3% Specificity for wound dehiscence 

Confusion 

Predicted 

Raman Shift (cm·1) 

Actual 

Healed 

Dehisced 

Healed 

25 

6 

Dehisced 

1 

26 

A prediction model (PLSDA) can be created and 
validated. 
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Principal Component Analysis 

Raw 
Data 

Spectral ~ 
preprocessing ~ 

Select 

PC1, PC2, PC3, ... 

Orthogonal transformation to convert a set of spectra of 
possibly correlated variables (Raman shifts and/or bands) into 
a set of values of linearly uncorrelated variables called 
principal components (PCs ). 

The first PC is orthogonal to the other PCs. 

This can be used to reduce dimensionality of the data set and 
to visualize the variance in the data - often a first step in 
PLSDA. 
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Clinical Data - PCA 
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Luminex Data- PCA 
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Partial Least Squares Discriminant Analysis 

What's being measured -

CALIBRATION 

• 

What's unknown -

PREDICTION 

.... 

1 
2 
3 

... 4 

http://www.r-bloggers.com/evaluation-of-orthogonal-signal
correction-for-pls-modeling-osc-pls-and-opls/ 

5 

50 



Clinical Variables - PLSDA 
Predicted ROCs -All variables except outcome 
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8 L Vs, auto scale preprocessing, (random subsets- 16 splits, 10 iterations) 



Luminex Variables - PLSDA 
Predicted ROCs- All variables (serum and effluent) 
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3 L Vs, auto scale preprocessing, 27 and 21 samples excluded (random subsets - 16 splits, 10 iterations) 



Raman Spectra (785nm) Only 
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3 L Vs, class center, automatic Whittaker baseline, 
truncated 980-1746 cm-1, random subsets - 16 splits, 10 
iterations 



Summary of Results 

Classification ' Data Sets Sensitivi~ I Seecifici~ I PPV I NPV , F score Accurac~ COR 
PLSDA C (:t:O) 72.7 76 .7 61 .5 84.6 0.67 75.3 9.5 

~ ~ 
~ - -

PLSDA C (:t:O), POC 54.2 75.7 46 .4 65.1 0.52 63.1 2 .7 - . - I +- -
KNN C {:t:O) 

-~ 
0.0 77.5 0.0 72.1 0.00 59.0 0.0 - i•---. 

PLSDA L, all 45.5 92 .6 71 .4 80.6 0.56 78.9 10.4 - -· 1-

PLSDA L, eff 11 .1 94.3 33.3 80.5 0.17 77.3 2 .1 -
--L KNN L, all 100.0 I 100.0 100.0 100.0 1.00 

I 100.0 
KNN L, eff ~ . - = 4-- - .. ---

-
PLSDA R - ~· 

KNN R -
PLSDA - C, L serum 
KNN 

-~-
C, L eff 

PLSDA all -KNN all I 100.0 I 0.0 33 .8 0.51 33.8 

The diagnostic odds ratio is a measure of the effectiveness of a diagnostic test - the ratio of 
the odds of the test being positive if the subject has a disease (positive likelihood ratio) relative 
to the odds of the test being positive if the subject does not have the disease (negative 
likelihood ratio) . 

F-score is a measure of a test's accuracy; weighted mean of precision and recall. 
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Heterotopic Ossification (HO) 
Heterotopic ossification (HO) refers to the aberrant formation of mature, 
lamellar bone in non-osseous tissues. 

Currently, orthopaedic surgeons faced with treating mature, refractory, 
symptomatic HOare left with few options other than operative excision. 
Potter eta/. J Bone Joint Surg Am. 2007;89:476-486. 

Following most civilian trauma, HO formation is relatively rare in the 
absence of head injury. Even following traumatic brain or spinal cord 
injury, it develops in only 20°/o and 11 °/o of patients. Rates of HO 
formation exceed 50o/o only in the setting of femoral shaft fractures with 
concomitant head injury and severe burns. 
Potter et at. J Bone Joint Surg Am. 2010; 92, Supp/2: 74-89. 

USA Today, February 12, 2006. ORTHOPEDICS 2008;31(12):1237. 
UPOJ 1998;11:59-66. 

,/JI/11111~ 
~ -REG MED - ~ ~ 

~///11111 

What is needed is a technology can risk stratify the development of HO and identify tissue 
that may become HO - Raman spectroscopy. 



Muscle Histopathology 

sheatn of connective tissue 

one myofibril 

Myofibrils are composed of actin and myosin filaments 
and form muscle cells. Muscle cells are myofibers and 
bundle to form fascicles, which form muscle. 

Normal muscle myofibers are relatively uniform. 

Injured muscle myofibers are surrounded by fibrous 
connective tissue. 

Closer examination demonstrates inflammation 
(evidenced by lymphocytes), myofiber degradation, 
necrosis, and hemorrhage in injured muscle tissue. 

Normal Muscle 
-- a;o·- - .......... ~~~"":. ...... ~ · «..-. • r..-:.~ -A~·~: .. ~ ... • .,.;:..,.-,;. ':. ... • • • --= ~ •. ~~- • r. • ~ ,,r A~,.,.. ~:r"'""...;:.-.).""~"' · - ==--• ~#./. . ~ '' MO.·:~···~ t~~~~ ..... , . .. 

"' . ~~·~~ t .... ,... ~· -~ .~ -.~ ··· · -- - .. -~~.... ·- ,r;~lr •'·",••••·· ~·r.· ~ - n 
~c .. ~~=~~ · ·~ "'= · 11• 1Jl •., '""'!t~-k• ~'~ H~ll . ·-~.--..:~' - . ..,~ . : 
·.-; .. ·~ ·- . ~ -- .t"''l\' ·~ • ~· 
· .. ,~.,~~~ ... ~ lr•c"'..-t• •"",. ... ~~~~v.~ .~.~, ... . %~ ~ - ... :-..,-,~:i..~"' ~ • .• -.. -o..e;.,~~=-·~ .:~ -~~! 

"···~~·' -~ .,;e; -~ - ,.. . • , ' ~ ""'-"" ... ~-- -~~ .. 2 mm c: ~N·~-~ ...... ~~ •!$J! ·--4'! ... 1!.. ~~ 

Injured Muscle 



HO Osteoid Histopathology 

Osteoid is the unmineralized, organic portion of the 
bone matrix that forms prior to the maturation 
of bone. Bone forming cells, or osteoblasts, begin the 
process of forming bone tissue by secreting osteoid. 
When the osteoid becomes mineralized, it and 
adjacent osteoblasts develop into new bone tissue. 

Immature osteoid (early HO) on H&E stained slides 
appears more eosinophilic than mature bone and 
only stains blue with Masson's trichrome. 

As the osteoid matures (mature HO), Masson's 
trichrome reveals osteoid that stains both blue and 
red . 

Von Kossa staining corroborates these results by 
demonstrating a greater degree of mineralization 
(darker stain) in the mature osteoid. 

Early HO 

a 

Mature HO 



Heterotopic Ossification Histopathology 

In this particular patient, the HO 
developed directly adjacent to the 
femur, beneath a skin grafted area 
which had been treated with 
INTEGRA® bioartificial dermal 
replacement (Integra Life Sciences; 
Plainsboro, NJ) application pre-skin 
graft. 

The HO lesion was excised over 160 
days post-injury, after ulcerating and 
becoming persistently symptomatic. 

Mature HO demonstrates cortical 
and trabecular bone - osteons with 
clear and organized cement lines, 
Haversian canals, and bone marrow 
elements. 



Comparison of Histology 

H&E stained slides made from wound biopsies from10 combat wounded patients were graded by a pathologist 
for : regeneration , degeneration (muscle atrophy), acute inflammation (presence of neutrophils), chronic 
inflammation (presence of lymphocytes and macrophages), necrosis, and hemorrhage. 

Additionally, slides were evaluated for presence of nerve bundles (S-1 00) and brown fat (UCP-1 ). 

4.0 .-------------------------------------------------------------~ 
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Scoring used to grade 
tissue sections: 

0 - not present 

1 - mild (present in 1-25% 
of tissue) 

2- moderate (present in 26-
75% of tissue) 

3 - severe (present in 76-
1 00% of tissue) 
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HO/Raman Spectroscopy Pilot Study of HO 

Tissue biopsies, approximately 1cm3, were obtained during surgical procedures and immediately snap 
frozen. 

Normal Muscle 
(n=1 0) 

Injured Muscle 
(n=1 0) 

Samples were thawed no 
more than 15 minutes unfixed 
and were immediately 
refrozen after spectral 
collection . 

p:!ti' 

Early HO 
(n=1 0) 

I ~ 

/' 

II!... 

Mature HO 
(n=1 0) 

I ~ 

""\ 

~ 

Normal Bone 
(n=4) 

-
I ~ 



Raman Spectrum of Bone 
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Band Assignment 

v4 P04 J. bending 
v(CC) o· · ackbone 

v(CC) of hydroxyproline ring 
v3 P-OH stretching 

v(CC) of · y · roxypro ··ne ring 
v(CC) of proline ring 

v(CC) of protein backbone 
v1 P04

3• stretch 

v1 POi· stretch 
v(CC) aromatic ring 

v3 P04J. : v(CC) skeletal; C-0 stretch 

v1(COi·) 
v3 P04

3• stretch 
v(CC) and v(CN) skeletal 
v(CC) and v(CN) skeletal 
v(CC) and v(CN) skeletal 

li(CH2) wagging; v(CN) amide Ill disordered/13-sheet 
v(CN) and li(NH) amide Ill cx.-helix 

li(C~) twisting 
y(CH2, CH3) wagging 

li(CH3) symmetric 
li(CH2) scissorina 
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v(CC) ring stretch 

v(CO) amide I 

Component 
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amorphous calcium phosphate 
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Phe; collagen; muscle 
bone; collagen; muscle 
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' y 'roxyapatite 
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collagen: muscle 
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collagen; muscle 

collagen 
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Raman Comparison of Muscle and HO 

l l l 

1400 1200 1000 

Raman Shift (cm-1) 

800 

For the HO tissue, whether early or mature, the 
Amide I band shifts to a higher frequency and is 
centered at 1660 cm-1. 

The intensity of the 1340 cm-1 Raman vibrational 
band is decreased in the spectra of the HO tissue 
compared to the uninjured muscle tissue. 

The 1270 cm-1 and 1240 cm-1 Raman vibrational 
bands are increased in the spectra of the HO 
tissue compared to the uninjured muscle . 

The most notable difference in the spectrum of 
the mineralized HO tissue is the presence of the 
960 cm-1 band, a v1 P-0 stretching mode. 

Finally, the intensities of the 921 cm-1, 876 cm-1, 

and 855 cm-1 bands are more intense in the 
spectra of the HO tissue than in the spectrum of 

6oo the uninjured or injured muscle. 

J Bone Joint Surg Am. 2010 Dec;92 Supp/2:74-89. 



Raman Spectral Band Area Ratios (BARs) 

Band area ratios (BARs), a pseudoquantitative measure, were calculated by dividing the band area of a 
Raman band of interest (for example 1070 cm-1) by another band area (for example 1445 cm-1). 

Compositional trends in related samples can be explored using BARs, such as: 

- a decrease in reducible collagen crosslinking (1680/1660 cm-1) 

- mineral carbonation ( 1 070/960 cm-1 and 1 070/1445 cm-1) 

- mineral maturity (945/960 cm-1) 

- collagen order/disorder ( 1240/1270 cm-1) 

- Protein a-helical structure (1240/1300 cm-1) 

-mineral crystallinity is determined by the full width at half 
maximum of the 960 cm-1 v1 phosphate band 

;~· 

1070 crrr1 I . ... • 

Raman Shift (cm-1) 



Comparison of Raman Spectral BARs 
In general, when comparing muscle (normal or injured) to HO tissue (early or mature), we note a decrease in the 1660/1445 cm-1 

(p<O. 03), 1680/1445 cm-1 (p=0.28), and 1340/1270 cm-1 (p<O. 01) BARs. 

There is also an increase in the 1640/1445 cm-1 BAR (p<0.1), the 1240/1270 cm·1 (collagen order/disorder) BAR (p<0.03), and the 
1240/1300 cm-1 (protein a.-helical structure, p<0.001). These changes in BARs can also be examined as a progression of normal 
tissue to diseased tissue. 
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o control muscle o injured muscle • early HO • mature HO 

- a decrease in reducible collagen crosslinks (1680/1660 cm·1 

- collagen order/disorder (1240/1270 cm-1) 

- protein a.-helical structure (1240/1300 cm-1) 

1660/1445 1680/1445 1640/1445* 1240/1270 1240/1300 1340/1270 
(height)* 

Transition from normal to 
injured muscle -

t 1660/1445 cm-1 and 
1640/1445 cm-1 

l collagen order/disorder, and 
1340/1270 cm-1 

Transition from injured muscle 
to HO tissue -

11660/1445 cm·1 and 
1680/1445 cm·1 BAR 

t in the collagen order/disorder 
BAR and the protein a.-helical 
structure BAR 

Bone. 2013 Sep 5;57(2):335-342. 



Normal Bone versus HO 

Early HO tissue was surgically removed within 165 days post-injury (mean) while mature HO was excised on average 
over 600 days post-injury. 

- mineral carbonation (1070/960 cm-1 and 1070/1445 cm-1) 

-mineral immaturity (945/960 cm-1) 

- mineral crystallinity is determined by the full width at half maximum of the 960 cm-1 v1 phosphate 
band 

2-------------------------------- As bone matures -

1.8 

1.6 

1.4 

1.2 

a early HO • mature HO a normal bone 

1 

0.8 

0 .6 

0.4 

0.2 

normal 
femur 

0 I I I 
9451960* 

adjacent 
HO 

1070/960 107011445* 

1945/960 cm-1 BAR and j 1070/1445 cm-1 BAR 

Early HO has the highest mineral immaturity BARs 
and the lowest mineral carbonation BARs. 

This trend is reversed for mature HO -

• the mineral immaturity BARs are lower than 
early HO 

• mineral carbonation BARs are higher than early 
HO tissue. 

Mineral crystallinity is higher in mature HO samples 
than in normal bone or early HO samples. 



Discrimination of HO Tissue by Raman Metrics 
PLS-DA- supervised machine learning that uses classical PLS regression to regress a 
categorical variable, i.e. development of HO. 

Cross-validation 

Predicted no HO 

Predicted HO 

Band Areas and Band Centers 
29 variables, 40 samples 

Actual no HO Actual HO 
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Discrimination of HO Tissue by Raman 
Spectroscopy 

Cross-validation 

Predicted HO 

Predicted no HO 

Raman Spectral Features 
2027 variables, 40 samples 

Actual HO Actual no HO 

17 
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Sensitivity = 85o/o 
Specificity = 90°/o 

Positive predictive value = 89.4°/o 
Negative predictive value = 85. 7°/o 
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Discrimination of HO Tissue by Raman 

Validation data set (external) con§~~&~r;Q~QP(¥'3o/o HO, 47°/o no HO). 
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Overall Concept 
1) Apply best of breed technologies in 

- biomarker analysis 
-informatics 
- medical technology 

2) Clinical Decision Support tools can be developed that can optimize and personalize 
treatment using patient-specific clinical variables combined with local and systemic 
biomarkers. 

3) Goal: maximize patient outcomes while minimizing complications. 
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Military Medicine 

Our team leverages real-world experience in combat casualty care: heterotopic ossification, 
wound healing, advanced surgical imaging, transplant tolerance, and stem cells. 

In addition, we develop novel and dynamic bioinformatic approaches to deliver point-of-care 
personalized medicine. 

• 3-CCD Imaging 

• IR Imaging 

• Raman Spectroscopy 

Technologies that can non-invasively and 
objectively assess the wound 
microenvironment are critical for 
understanding and evaluating the wound 
healing process. 

Accurate assessment of extremity injuries 
and wounds is necessary for appropriate 
treatment in the operating room. 1800 1600 1400 1200 1 000 800 600 

Raman Shift (cm·1) 



Acute Combat Wounds 

Modern war ballistics inflict devastating extremity injuries, 
violating soft tissue, bone, and neurovascular structures. 

Complex war wounds require aggressive surgical care. 
Serial debridements are performed to remove devitalized 
tissue and decrease bacterial load. 

The ensuing inflammatory response ultimately dictates 
the pace of wound healing and tissue regeneration. 

Despite these technological advances, the basic surgical 
decision regarding appropriate timing of war wound 
closure remains subjective, and some wounds dehisce or 
fail. 



Acute Combat Wound Outcome 

An understanding of the 
molecular environment of 
acute wounds throughout 
the debridement process 
can provide valuable 
insight into the 
mechanisms associated 
with the eventual wound 
outcome. 

- wound dehiscence 

- wound colonization 

- heterotopic ossification 
(HO) 

Critically colonized 

R 
,__ ___ _ . .. RL _ 

Critically colonized and dehlsced Critically colonized and formed HO 

Critically colonized, dehisced and fonned HO 
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Wound is surgically cleaned 

Cytokine/Chemokine 
Assays 

Raman spectroscopy 
Bacterial Analysis 

Sample Collection 

NPWT is applied 

Collect 1 cm3 tissue biopsy 
from center of wound bed 

Gene expression 
Raman spectroscopy 

Bacterial Analysis 

Effluent is collected 

Cytokine 
and 
Chemokine 
Assays 

Serum is 
collected 
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Commonly Used Optical Spectroscopies 

c::::::: =====-
E1---

Eo 

Fluorescence 

Radiation (photon) excites the 
material to a vibrational state, 
where some energy is 
dissipated, and then emitted as 
photon so that the molecule 
relaxes back to the ground state. 

E2 

E1 ___ _L_===== 
Infrared 

Radiation (energy from a 
photon) is absorbed by the 
material, exciting a vibrational 
mode. 

E2 

E1 __ .L__===== 
Raman 

Radiation (energy from a 
photon) interacts with the 
material, exciting it to a "virtual" 
vibrational state before emitting 
a photon (longer wavelength) to 
return to the ground state. 



Vibrational Spectroscopy 
In infrared spectroscopy, the molecules absorb specific frequencies that matches the transition energy of 
the bond or group that vibrates. 

For Raman scattering, the emitted photon's frequency is the difference in energy between the original state 
and this new state. This difference in energy is the frequency of the energy of the bond or group that 
vibrates. 

The band positions of IR and Raman spectroscopy will lie at frequencies that correspond to the 
energy levels of different functional groups and their corresponding vibrations- i.e. a chemical 
fingerprint 
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Raman Spectroscopy 
Raman spectroscopy can be utilized non
invasively and provide real-time feedback. 

Raman spectra of biological materials are not 
affected by spectral interference of water. 

Raman spectroscopy is sensitive to both 
organic and inorganic components. Some 
biopsies may contain both soft tissue 
(muscle, fat, vessel, nerve) and mineralized 
tissue (cartilage and bone). 

notch filter 

focusing lens 1 111 i 

Raman 
scattering 

slit I 1111 

collimating lens I 1111 

A., to fiber 
optic 
probe 
and 

sample 

t J~- =~ 
thermoelectrically holographic 
cooled detector filter 

(CCD) 



Interpreting a Raman Spectrum 

0.65 

0.6 

0.55 

0.5 Amide I 

0.45 .... _ ..... ______ .,.._...,_....,.,.... ____ .. 

440 640 840 1040 1240 1440 1640 1840 

Raman Shift (cnr1) 

v (cm·1) 

593 
821 
856 
873 
876 
921 
938 

945-952 
959 
1004 
1032 
1071 
1075 
1080 
1159 
1178 
1244 
1274 
1297 
1343 
1385 
1448 
1524 
1552 
1665 

Band Assignment 

v4 P04 J. bending 
v(CC) o· · ackbone 

v(CC) of hydroxyproline ring 
v3 P-OH stretching 

v(CC) of · y · roxypro ··ne ring 
v(CC) of proline ring 

v(CC) of protein backbone 
v1 P04

3• stretch 

v1 POi· stretch 
v(CC) aromatic ring 

v3 P04J. : v(CC) skeletal; C-0 stretch 

v1(COi·) 
v3 P04l· stretch 

v(CC) and v(CN) skeletal 
v(CC) and v(CN) skeletal 
v(CC) and v(CN) skeletal 

li(CH2) wagging; v(CN) amide Ill disordered/13-sheet 
v(CN) and li(NH) amide Ill cx.-helix 

li(C~) twisting 
y(CH2, CH3) wagging 

li(CH3) symmetric 
li(CH2) scissorina 

caro·enoi · 
v(CC) ring stretch 

v(CO) amide I 

Component 

hvdroxvapatite 
collagen: muscle 
collagen; muscle 

bone 
collagen: protein 
collagen; protein 

co lagen: muscle; protein 
amorphous calcium phosphate 

hydroxyapatite 
Phe; collagen; muscle 
bone; collagen; muscle 

bone 
' y 'roxyapatite 

collagen; muscle 
carotenoid 

collagen; muscle 
collagen: muscle 
collagen: muscle 
collagen: muscle 
collagen; muscle 

collagen 

collaaen: muscle 
collagen; muscle 

collagen; muscle; Trp 
collagen; muscle 



Peak Fitting for Spectral Deconvolution 

1800 

I 

1.0 
<D 
<D ....-

1600 

Raman Shift (cm"1) 

860 
920,940 

1004 
1040 
1125 
1250 

1320 
1445 
1555 
1665 

'<;f' 
'<;f' 

1400 1200 

Raman Shift (cm-1) 

Vibrational Band Assignment 

v(C-C) 

v(C-N), v(C-C) 

v(C-C) ring 

v(C-C) skeletal 

v(C-C}, v(C-N) 

v (C-N) and o(N-H); Amide Ill 

o(CH2) twisting 

o(CH3) and o(CH2> scissoring 

v(C=O); Amide I 

1000 800 600 

Component I 
nucleic acids 

nucleic acids, keratin 

phenylalanine 

nucleic acids, protein 

nucleic acids, protein 

protein 

nucleic acids, protein 

protein 

aromatic amino acids, heme 

protein 



Information from Raman Vibrational Bands 

eJJt_ 

___.J-

~ ~-~J-. 
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i • .\ 
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~~~~ 

Raman frequencies I ~ composition of material 

Changes in frequency I ~ composition of material; 
stress/strain of state 

Polarization of band 1 ~ crystal symmetry and 
orientation 

Width of band I ~ quality of structure, i.e. 
ordered vs. disorder 

Intensity of band I ~ amount of material 



Raman Spectral Band Area Ratios (BARs) 

Band area ratios (BARs) , a pseudoquantitative measure, were calculated by dividing the band area of a 
Raman band of interest (for example 1070 cm-1) by another band area (for example 1445 cm-1) . 

Compositional trends in related samples can be explored using BARs, such as: 

- a decrease in reducible collagen crosslinking (1680/1660 cm-1) 

- mineral carbonation ( 1 070/960 cm-1 and 1 070/1445 cm-1) 

- mineral maturity (945/960 cm-1) 

- collagen order/disorder ( 1240/1270 cm-1) 

- protein helical structure (1240/1300 cm-1) 

-mineral crystallinity is determined by the full width at half 
maximum of the 960 cm-1 v1 phosphate band 

;~ · 

1070 crrr1 I . ... • 

Raman Shift (cm-1) 
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Data Collection -Wound Biopsies 

Examine multiple spots 
across the tissue. 

20-40 accumulations, 
5s spectrum 

Approximately 1 cm2 tissue biopsy is excised from the center of the 
wound bed. 

Tissue is fixed in 1 0°/o neutral buffered formalin for storage. 

Prior to spectral acquisition, samples are rinsed in 0.9o/o NaCI saline 
solution. 

1 em 

~ 
1 

1800 1600 1400 1200 1 000 800 600 
Raman Shift (cm-1) 

N 2 

.~ 

1800 1600 1400 1200 1000 800 600 
Raman Shift (cm-1) 



Preliminary Study: 
Normal vs. Impaired Healing Wounds 

Previous study 
demonstrated the potential 
of Raman spectroscopic 
analysis of wound biopsies 
for classification of wounds 
as normal or impaired 
healing from changes in the 
1665 cm-1/1445 cm-1 band 
area ratio. 
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• Impaired healing £ll Normal healing 
so .n~----------------------------------------------------------------------------------------------------------------~ 

Case 1 Case 3 Case 2 Case 8 Case 10 Case 7 Case 5 Case 4 Case 6 Case 9 

Impaired healing wounds demonstrate a significant decrease in the 1665/1448 cm-1 band 
area ratio compared to normal healing wounds, as demonstrated by Raman spectroscopic 
mappmg. 



Preliminary Study: Normal vs. Dehisced Wounds 

Preliminary Data Analysis - 58 Calibration samples, 23 Validation Samples 

53% healed normally , 4 7% de hi seed 

60% developed HO, 40% did not develop HO 

Confusion 

Predicted 

Actual 

Healed 

Dehisced 

Healed Dehisced 

25 

6 

1 

26 

A prediction model can be created and validated. 
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1-Specificity Wound Dehiscence 

92.9% Sensitivity, 83.3% Specificity for wound dehiscence 



Principal Component Analysis 

Raw 
Data 

Spectral ~ 
preprocessing ~ 

Select 

PC1, PC2, PC3, ... 

Orthogonal transformation to convert a set of spectra of 
possibly correlated variables (Raman shifts and/or bands) into 
a set of values of linearly uncorrelated variables called 
principal components (PCs ). 

The first PC is orthogonal to the other PCs. 

This can be used to reduce dimensionality of the data set and 
to visualize the variance in the data - often a first step in 
PLSDA. 
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Raman Spectra of Wound Biopsies- PCA 

Samples/Scores Plot 
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Partial Least Squares Discriminant Analysis 

What's being measured -

CALIBRATION 

• 

What's unknown -

PREDICTION 

.... 

1 
2 
3 

... 4 

http://www.r-bloggers.com/evaluation-of-orthogonal-signal
correction-for-pls-modeling-osc-pls-and-opls/ 

5 

50 



PLSDA of Raman Spectra for Wound Healing 
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Wound Healing Conclusions 
Preliminary studies demonstrate the promise of Raman spectroscopy for predicting wound 
outcome. 

We need to further explore what might be contributing to the differences in outcome. Can we 
quantitate the amount of collagen in the wound via Raman spectroscopy? 

We also need to test outcome modelling with additional outcome categories- healed vs. 
delayed healing vs. dehisced. 

We propose applying the best of breed technologies in our toolbox, including: 

• biomarker analysis 
• informatics 
• medical technology 

Clinical Decision Support tools can be developed that can optimize and personalize treatment 
using patient-specific clinical variables combined with local and systemic biomarkers. 

Goal: Maximize patient outcomes while minimizing complications. 
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Heterotopic Ossification (HO) 
Heterotopic ossification (HO) refers to the aberrant formation of mature, 
lamellar bone in non-osseous tissues. 

Currently, orthopaedic surgeons faced with treating mature, refractory, 
symptomatic HOare left with few options other than operative excision. 
Potter eta/. J Bone Joint Surg Am. 2007;89:476-486. 

Following most civilian trauma, HO formation is relatively rare in the 
absence of head injury. Even following traumatic brain or spinal cord 
injury, it develops in only 20°/o and 11 °/o of patients. Rates of HO 
formation exceed 50o/o only in the setting of femoral shaft fractures with 
concomitant head injury and severe burns. 
Potter et at. J Bone Joint Surg Am. 2010; 92, Supp/2: 74-89. 

USA Today, February 12, 2006. ORTHOPEDICS 2008;31(12):1237. 
UPOJ 1998;11:59-66. 

,/JI/11111~ 
~ -REG MED - ~ ~ 

~///11111 

What is needed is a technology can risk stratify the development of HO and identify tissue 
that may become HO - Raman spectroscopy. 



Raman Spectroscopy Pilot Study of HO 

Tissue biopsies, approximately 1 cm3, were obtained during surgical procedures and immediately snap 
frozen. 

( Normal Muscle l 
(n=1 0) 

Injured Muscle 
(n=1 0) 

Samples were thawed no 
more than 15 minutes unfixed 
and were immediately 
refrozen after spectral 
collection . 

':It¥2 

Early HO 
(n=1 0) 

I ~ 

Mature HO 
(n=1 0) 

I ~ 

Normal Bone 
(n=4) 

-
I ~ 
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Amide I 
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1600 

Raman Comparison of Muscle and HO 

Amide Ill 

C-C str 

v1 P-0 

l l l 

1400 1200 1000 

Raman Shift (cm-1) 

800 

For the HO tissue, whether early or mature, the 
Amide I band shifts to a higher frequency and is 
centered at 1660 cm-1. 

The intensity of the 1340 cm-1 Raman vibrational 
band is decreased in the spectra of the HO tissue 
compared to the uninjured muscle tissue. 

The 1270 cm-1 and 1240 cm-1 Raman vibrational 
bands are increased in the spectra of the HO 
tissue compared to the uninjured muscle. 

The most notable difference in the spectrum of 
the mineralized HO tissue is the presence of the 
960 cm-1 band, a v1 P-0 stretching mode. 

Finally, the intensities of the 921 cm-1, 876 cm-1, 

and 855 cm-1 bands are more intense in the 
spectra of the HO tissue than in the spectrum of 

6oo the uninjured or injured muscle. 
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Comparison of Raman Spectral BARs 

o contro l muscle o injured muscle • early HO •mature HO 

- collagen order/disorder (1240/1270 cm·1) 

- protein helical structure (1240/1300 cm-1) 

1660/1445 1680/1445 1640/1445* 1240/1270 1240/1300 1340/1270 
(height)* 

Transition from normal to 
injured muscle-

t 1660/1445 cm-1 and 
1640/1445 cm·1 

t collagen order/disorder, 
and 1340/1270 cm-1 

Transition from injured 
muscle to HO tissue-

t 1660/1445 cm-1 and 
1680/1445 cm·1 BAR 

t in the collagen 
order/disorder BAR and 
the protein helical 
structure BAR 

*Statistically significant differences (p<0.05) with a Bonferroni correction. 



Normal Bone versus Heterotopic Ossification 
Early HO tissue was surgically removed within 165 days post-injury (mean) while mature HO was 
excised on average over 600 days post-injury. 

- mineral carbonation (1 070/960 cm-1 and 1070/1445 cm-1 ) 

- mineral immaturity (945/960 cm-1) 

- mineral crystallinity - FWH M of the 960 cm-1 v1 P-0 band 

2~----------------------------~ 

1.8 

1.6 

1.4 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 I I 

a early HO •mature HO a normal bone 

normal 
femur 

9451960* 

adjacent 
HO 

10701960 107011445* 

As bone matures -

! 945/960 cm-1 BAR and j 1 070/1445 cm-1 BAR 

Early HO has the highest mineral immaturity 
BARs and the lowest mineral carbonation 
BARs. 

This trend is reversed for mature HO -

• the mineral immaturity BARs are lower 
than early HO 

• mineral carbonation BARs are higher 
than early HO tissue. 

Mineral crystallinity is higher in mature HO 
samples than in normal bone or early HO 
samples. 



Discrimination of HO Tissue by Raman Spectroscopy 

Cross-validation 

Predicted HO 

Predicted no HO 

Raman Spectral Features 
2027 variables, 40 samples 

Actual HO Actual no HO 

17 
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18 

Sensitivity = 85o/o 
Specificity = 90°/o 

Positive predictive value = 89.4°/o 
Negative predictive value= 85.7°/o 
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Discrimination of HO Tissue by Raman Spectroscopy 

Validation data set (external) consisting of 15 samples (53°/o HO, 47o/o no HO) . 
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Swine Model of Extremity 1/R Injury 

monochrome 
ceo 
~ 

......_~-~----- High oxygenation 



Visualizing Extremity 1/R Injury 

4. 7 hour tourniquet case -

Images were extracted every 5 minutes for 282 minutes of ischemia and 30 minutes of 
reperfusion. 

Raw3CCD Composite Enhanced 3CCD/IR 



Visualizing Extremity 1/R Injury- 20 

3CCD 

Infrared 

25 - 255 11 0 3 235 1 
-- 20 - 106 

215 102 ::J LL 

~ 15 1 -- 195 98 0 

::J 
175 c 

Q) t"O 94 ·-
::J .._ Q) 

~ 
C/) 155 90 "-

10 ::J 
Q) ....... 
::J 135 t"O 86 (J) 

~ 
"-

I 115 
Q) 

0::: 82 0.. 

0 0::: 95 2 78 E 
() ~ 
() 0 75 74 
(") 

-10 20 50 80 11 0 140 170 200 230 260 -5 45 95 145 195 245 

Time in Minutes Time in minutes 



Tissue Perfusion ¢. Tissue Oxygenation 

Max Ischemia 
(282 min) 

5 min 
Reperfusion 

30 min 
Reperfusion 

Camera Image 
=w mr 

3CCD Image IR Image 
.SJ.U -
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Monitoring Oxygenation and Perfusion in 
Real-time 

Using commercially 
..... - -

available equipment, 
fused 3CCD and IR 

I;~ 
I I 

lD images can be co- t ---red channel 
registered along with their It : . ----blue channel 

~ output values in real-time. 1 ---- R-8 
2CJ • ' 

---- IR 
Toll 

XII 

Enables simultaneous 
monitoring of tissue 
oxygenation and Fused image ::r \". /~ .~ perfusion, which are not 

I 

always synonymous in 1(1)0 ll) .., m Ill 100 llll lAO 

diseased tissue. 
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TO HEAL OR NOT TO HEAL? ···-···TORING COMBAT WOUND OUTCOME USING 
RAMAN SPECTROSCOPY. 

• ·~--~-- ~//1/lf/tl 
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Abstract Materials & Methods 

Tht mani!Qtft'ltontofwooodt s.uttalntd frQm combat events has prov.d to be a ml..)orc:h&lengeto 
phyaJe-tana 0t1e1 thelutd~. Recent conftet. haw ahown to produc. a higher proportton of 
Injuries due to bluta and htgh .nergy proJectiles. Raman apeettc.copy may ofter a non-4nvulve 
ttc.hnology thf'O\.IIIh whlc.h to monitor the htallng o fth.u woundf.. ~ that c;olll9"' ~te>nt 
hu bMn pmrtoua.ty .. tablkhed u tht maJn fK-tor In dettnn~lng tht ttntJ)t anngth of a wound, 
It may be bt-ntfl~l to be &b., to qUMt:Jf'y tht edii.Qen dtpOI.ItiOn In a "'"ling wound bed. 
Hyctroxypf'Ot!M, 'iftlleh it a ma,Jorcompontnt d edllgfi\ h.s be.n usoellttd wCth a a pee me bMd 
area In the a peen of tla-•u• samples. UaJng Raman epeettoa.copy. 76 wounds um.-n were 
a.naJyzed, and the band.,... t843ern t . aa3ern ' ) known to be associated With hydroxyproln& was 
muaured atvario~ tJme polnta thiQughoutthe hNJing pro~•. Thla band,,.. wu found to 
have aatltl .. tk.ally algnlftcant ~atJonahlp with the ewntuaf wound oukom• (dthllc4d or ht«<td}. 
Furtht1wortt Ia~ to bt dOne eonflrmtna Wht't:htror not thit bind a.rea it truly retltetlvtofthe 
amount 01 ftYdf'OX)'ptollne or eoiii.Qen In tht wound bed, y.t this demons.tfltH the pottf1tlll thlt 
Raman apeetroacopy hu In &lowing tt. phyalcJan to nofWnvaaJ~y recogntze wt.n a wound may 
beln d&f1Qerof tailing. 

WOundtJtsut bloptitS ~obtained ff'Qm IRS ~roved ttudltS at Walter 
RMd NatJona1 MUitary Medic-al etnttf'. ~proldmatt-ty 1e-m~ of tls.u. wu 
co lee-ted from the c.nter of the wound bed from com.bat-wounded pe.Uenta 
during each IU!lJc:.al debridement and fixed In tonnaJin. 73Wounds 

(114 blcpsies) 

Background 

l'bttd blot»(" wtf'• examined •x vivo utJng 1M Rlm&n RXH 1 (76& nm I) wl 
PHATPtobt; tpouta • .7mm. 

Tt. 1-pec.tra ot the ftrs.t and lut blopain ~ companld from the hnMng 
proC4t'U o f •Kh wound. 

H'/di"'XYPtollnt band .am wu e--akullttd ftom the totsJ ba.nd am bt1WHn 
843 em ' a_nct aas em '· 

Hydroxyptol ne band atN betwreen ftrl t and last blopay from Ndl wound 
wu c-ompared. 

Chlnoe In band . ,... for each wound wss compared 'Mth the ewntual 
outeom• of the wound (hN.Itd «d•hlle.O}. Of note, tht1t' ....,. four 
.. patate wound a WhiCh were e-ltull1ed u "del a~"' {JongH tha.n 30 daya 
tl l c.loa.ure «two atandard devU.ttona fr<lm the m•an). Thn• wound a wen 
ex~uded from the atudy. 

..._lt)CH, .... ,_ ..,_ 
•• p ... ,....(7 ... •--J 

A htgher proportion of com.plex ln)lft" Involving bfutt and high _,CHgy exploeiVM hub..,.. 
noted In r~t~nftk-tl. Thefe hu al10 bteon noted to btl an In~ In wound• to the exttemld" 
as a ~tof the l~eu.lng us.e d b<dy a.nnor. (11 

The proeeu of wound heaJing Ia a dynamJe proc .. a lnvoMng multlpte medlatcn, c.<a, a.nd 
extraceUular moteeti ... The hedng otth ... ~mplex wound a hu proven to be a c.halenge to 
.urvtona with mpec.t to .UC«UN wound d01-u,., 

Pf'MknlnafY t tudlts hiVe fOund thatR&mafl Speettoleq)ythowt promlu u a ttehnlqut to be 
uMd to monltQr the mdteuluehlngtt. that «eur In tht wound bed In onlwto predict the 
llkelhood of a.uceeuful wound c.toaur.. (2l 

Col-.n "'"ttnt In the wound bid &ppt.ara to playa major fOie In •tabbhlng 1M a.u.ngth ofth• 
hNted wound. [3] Hydn:ucyproUnela a m«,,orcomponentofthecollage.n mo)K.ule and prod~ a 
tpldfk: band In thrt Rln'lan &pec.tta 01 bfOIOQieal tJuue ..-mpJtt., (-4] 

irJv(~· 
,..-- ---. ...--... ,....,;ft.-....-•• n-t~_.clltlc:'lll .......................................... 
~ 

'-"'();,Ottooou!'-1 

"'•"t ... " ... 
~ 

I I I H.,...,,..., 

--~---..-c···~· ...... ,....t 

~ I 
r l L 
~ ~ o.lll!<oo -.,I 
~ I 
i '1 

Wound 
Outcome 

Healed 

DehiS<ed 

Summary of Results & Conclusions 

Ali«age specua of wound Biopsies 

Rai'I1An Shift (ari4) 

Number O!onE In Bond Area (!Q +I· SEM 

57 33.5 +/ · 7.9 

16 ·20.4 +/ · 4.2 

Tht .VIH"IOf wound t9eetta for eac-h ~· 01 wound {hN.itd vt dthitUd and flts.t w l attdttlrld•m~t) ~noted to b• WfY t.lmllsr Whe-n av~ed and plottt<l. Thltll ut.tratts the dlf'ne-utty In utlng 
Ra.man tpecttotCOQy to dMKt loU bUt dtrfeN11utln thrt mdec.tAa.r makwp « blotOQb.l tJHuK. 

- """'o,..w;,--
-UII.DI>Vduo-1 

P.VALUE 

0.001 

J 

H<M'Wer, thrt Change In band a.rea betWeen flfSt and lutdebrldement was noted to be algnll'lcantfy dlftefent betWeen normal heating and dti'IIS.ced wounds. The rnutta auggnt that the nonnal hNMrct 
wounds hMt an In~ In hydroxypf')Unt f~I19M)thf')vgh0ut the hN.IIng proe.~Whl•dtHac.dwoundt ahowtd adec.MM. Thlt would ma_Q aenae co,_.dwlng thlt«<fia.gendepotJtlon Ia a known 
Import~: nt •ttp In the wound hN.lklg pr~•. Th4• data Ia furthtf' ~ported by U. fac.t that ~llagen Ia known to btl QttJe.a1 In dtttmlkllng the ttniHt • tte-ogth of • wound. 

Furt:ht1wortl: nHdt to be doM to e-onnrm the l bllltyofRaman tpeetrOioCO~ to dtttctrflltivt •mount:tofhydrc)Xyproane In biOIOQie-.S.I tiHua u mpJK. Culftf"!tty, the .. gokls~cllld"' tor•ueh 1 
meuur.ment ta high peffonnancellqUid c.hromatogra.phy. ltthll c-ould be .. tablllhed, then ptf'hapa Raman apectto~eC~pycoOid be rel&ably uaed u • non.lrtvulve method to anaJyze the progreuot 

. _,.!.!'~ dtpo..ltton In a h .. Ung wound bed. 

.. B +EJ 
- ' \1 I 1. r. 

·~I JIJ""'. 
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Results 
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- Total Tourniquet Time and Successful Wound Healin in Acute Combat Wounds 
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Abstract 

The ability of tourniquets to effectively stO" •rteria' 'emorrhage has made it a staple of 
pre-hospital care in combat situations. Increased training In the proper employment of 
tourniquets reduced pre-hospital deaths from arterial exsanguination, by one authors 
estimate, from 9% to 7% to 2% of deaths in the armed conflicts in Vietnam, Somafia, and 
lraq1 respectively.1 2 Prolonged ischemia from excessive tourniquet use can, however1 

cause both local and systemic adverse effects. Re-Introduction of blood flow to an Ischemic 
limb has the potential to induce an ischemia-reperfusion injury, propagated largely by 
granulocytes and free radicals. 3 Investigative studies In animal models have observed 
effects of cycles of tourniquet-induced ischemia and reperfusion in terms of metabolic 
markers and histological changes to striated muscle.• 5 There is, however, a paucity of 
literature on the relationship between total tourniquet exposure and wound healing in 
humans. 

This study sought to statistically determine whether or not there exists a correlation 
between total tourniquet time and specificYIOund outcomes within a previously studied 
population of Wounded Warriors who received traumatic Injuries and subsequently 
underwent wound-rellislng operations until wound closure. For example, Individuals who 
underwent statistically lower total tourniquet times may be more likely to undergo 
successful wound healing. while Individuals with statistically higher total tourniquet time 
may be more likely to dehisce or suffer acute wound failure. 

Background 

The proven effectiveness of tourniquets In preventing death from arterial exsanguination 
warrants a permanent position for them in our repertoire of life-saving Interventions. Given 
this fact, it Is appropriate that we more fully understand the adverse effects which have been 
documented with the use <:l tourniquets. Further, we must delve Into underlying 
pathophysiology so as to potentially complement the use of tourniquets with optimizing 
Interventions aimed at minimizing adverse effects. ·- ........ ~ I~-· ~ 
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Adverse effects have been observed from the prolonged occlusion <:l arterial blood supply to a 
limb. These consequences can be local, such as edema, compression neuropraxla, bone and 
soft-tissue necrosis, or compartment syndrome.• They can also be systemic, as in acid-base 
alterations and systemic Inflammatory response syndrome. 2 With return <:l perfusion 
following removal of a tourniquet, there Is an inherent risk of varying degrees of ischemia
reperfusion injury, dependent upon the degree of ischemia which existed initially. This 
lschemla-reperfuslon Injury Is mitigated largely by granulocytes, such as neutrophlls, and free 
radicals, such as rea.ctiveoxygen species.3 The former create damage in the same manner as in 
other acute Inflammatory reactions.' The latter damage surrounding tissue by reacting with 
cell membranes, among other mechanisms. Both of these facets of injury-the increase in 
active granulocytes and Increase In free radica~-lncrease upon reperfusion <:l the area of 
ischemia. Returning blood brings with it granulocytes that will localize tot he area of injury. 
The blood also returns oxygen to the area In which free radicals were being generated, 
providing substrates for the formation of reactive oxygen species. n The inflammatory nature 
of the ischemia-reperfusion Injury can In itself have consequences both locally and at other 
locations In the body. Tissue that Is remote from the site <:l ischemia, such as liver and lung, 
can be adversely affected.• 
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Materials & Methods 

Through the Joint Trauma System, archived tourniquet time data was acquired from the prehospltal and In
patient records of 132 wounds from 83 active duty patients. These subjects were previously enrolled in either <:l 
two approved studies at Walter Reed National Military Medical Center obserlling wound outcomes In Wounded 
Warriors. Both studies observed a primary clinical outcome of "successful wound healing after definitive closure 
or coverage." 

All subjects were wounded In either Operation Iraqi Freedom 
or Operation Enduring Freedom. 
Wounds were observed for thirty days and received the 
following standardized care: 

surgical debridement 
pulse lavage 
VAC application } 

every 4a·72 h, 
until surgical 
wound closure 
or coverage 

Wound heallng was considered impaired if the wound 
dehisced after closure or coverage or if closure was delayed 
(defined as ;, 21 dafter Injury, or two standard delliatlonsout 
oft he study s mean normal wound closure tlme).10 

Results 

All Thei*ttlnuf'l"lt~em 

To this poln~ the data required for analysis in this study remains Incomplete. The data available at this point Is 
extremely limited, with data from the pre-hospital care of many subjects presently listed as •unknown" within 
the Joint Trauma System. The Initial time during which a tourniquet was a pplled to each subject following injury 
presumably represents the majority of time during which the said Individual would have been subject to 
tourniquet use. As such, analysis cannot be adequately performed at this time. 

Discussion 

The role that time plays in ischemia-reperfusion injury has been studied in various animal models. One study 
observed metabolic (lactic acid, creatine phosphokinase, and pH) and histologic changes In the rat hind-limb 
model during tourniquet-induced ischemia.• They observed signs of degeneration by one hour of ischemia, which 
Increased as ischemic time continued. The study showed that the percentage of histologically "normal" striated 
muscle in affected tissue dropped to near minimal values within the first three hours following tourniquet release, 
when compared to the percentage differing from normal histology at twenty-four hours post-tourniquet release. 
Functionally, the study showed similar decreases in contractility of the striated muscle in the first three hours. At 
twenty-four hours post-ischemia, however, the percentage <:l contractile tissue Increased towards the norm 
dramatically. 

These results held most true up to four hours of ischemia time-within which time range the clinical usage of 
tourniquet-induced ischemia lles. The study demonstrated that the damage induced by ischemia perpetuates 
forward in time from when a tourniquet i.s released. rt additionally demonstrates that the return to normal 
function and histology Is limited and time-dependent. Timing of Ischemia and reperfuslon therefore have effects 
on histological changes to the t issue itself which only resolve to a certain extent. lschemia and reperfusion 
evidently results In a change In the inflammatory state of the tissue and organism Involved. Given the lim~ed 
ability for histological changes caused by ischemia to resolve and the inflammatory changes brought about by 
Ischemia, one may speculate as to whether or not totallschemlatlme may contribute to Inflammatory 
dysregulation or, more locally~ to wound failure. 

Summary of Results & Speculation 
As mentioned before, this study met challenges with severely limited 
data on pre hospital care of the subjects involved In this study. An 
outstanding system of prehospltal combat casua~ydata called the 
Pre hospital Trauma Registry (PHTR) ex~ts within the 75"' Ranger 
Regiment". Increased use of innovations such as this and the Casualty 
care Card employed under Tactical Combat Casualty care (TCCC) may 
hopefully Increase pre hospital data capture to a point where a study such 
as this one is more successful. 

~#~-

::------ --
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1.0: Scientific Protocol 

Title: The effect of inflammatory biomarker expression on decisions to close 
traumatic wounds   

Emory Investigators:   

 Christopher Dente MD (Principal Investigator) 

 Allan Kirk MD, PhD (Co-Investigator) 

Draft Date:  January 1, 2013 

2.0:  Abstract 

Military medicine has been confronted with a significant burden of wounded soldiers 

during recent conflicts and, as such, has been able to performed detailed analysis of the 

local and systemic healing milieu in injured patients with war wounds.  Indeed, they 

have created a predictive model, which has the potential to aid surgeons caring for 

these patients in their decisions to perform definitive closure of these wounds.  

Surgeons in civilian practice also see a significant number of wounds related to severe 

trauma or tissue infection and it is not known if and how the healing milieu of these 

patients is different than patients with war wounds.   We propose to perform an 

observational trial that will involve the collection of tissue and blood samples from 

patients with significant wounds cared for in our civilian trauma center and have the 

specimens analyzed for the same genetic markers previously studied by the Naval 

Medical Research Center.  This would allow a predictive model to be created that could 

assist civilian surgeons with their decisions regarding the timing of wound closure in this 

setting in the future.   

3.0:  Introduction and Background 

Recent military conflicts have contributed to a large volume of complex wounds that 

have been managed in military facilities across the world.  Oftentimes, serial 

debridement procedures are required to remove devitalized tissue and decrease 

bacterial load. This aggressive surgical management combined with copious irrigation 
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and negative pressure therapy with vacuum-assisted closure (VAC) devices has 

improved outcomes in soldiers with these grievous wounds.1,2 Despite these 

technological advances, however, the basic surgical decision making regarding 

appropriate timing of wound closure or coverage remains very subjective.    

In recent years, the Naval Medical Research Center (NMRC) has demonstrated 

that local and systemic cytokines and chemokines are objectively associated with acute 

war wound healing.3 In addition, they have hypothesized that acute wound failures are a 

consequence of a dysregulated systemic and local inflammatory response to traumatic 

injury. Indeed this extensive experience has permitted an algorithm to be developed that 

allows for objective criteria to assist in the decision to close a wound based on cytokine 

and chemokine biomarker expression using probabilistic (Bayesian) modeling.  

As with these war wounds, many complex wounds in civilian practice require aggressive 

surgical care.  At the Grady Memorial Hospital, a state of Georgia Level 1 trauma 

center, we admit approximately 3600 trauma patients per year and care for many 

additional patient with severe tissue infections and open wounds.  Indeed, the Emory 

Department of Surgery treats, on average, 17 patients with necrotizing soft tissue 

infections, 70 patients requiring fasciotomies, and 41 patients with complex traumatic 

wounds annually.  As with military wounds, these patients require aggressive surgical 

management oftentimes with multiple debridements prior to final wound closure.  

Civilian practice is plagued with the same subjective measures of wound closure that 

exist in the military setting.  Furthermore, we have many of the same complications 

(wound breakdown, secondary infections) that exist in military wounds.  Moreover, 

these patients may undergo multiple, and possibly unnecessary, operative washouts 

prior to definitive wound closure in an attempt to prevent or minimize these 

complications.   

We propose to partner with the NMRC in translating battlefield knowledge into civilian 

practice.  Specifically, we would like to develop an understanding of the local and 

systemic milieu in a civilian patient with a complex wound and explore the differences 

between this patient and a patient with a war wound.  To do so, we propose to collect 

patient specific tissue, fluid and data to help better understand wound dynamics in the 
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civilian setting which would perhaps eventually allow us to shorten time to recovery 

and/or help prevent some of the wound breakdown seen in the complex wounds in our 

practice.   

In summary, inflammatory biomarkers in serum and wound fluid correlate with war 

wound healing and successful closure. Acute wound failures appear to be a 

consequence of a dysregulation of the local and systemic inflammatory response to 

injury. Finally, an integrated molecular panel using Bayesian network modeling software 

effectively discriminates between combat wound healing outcomes and this approach 

may provide the much-needed objective criteria for acute war wound closure. This 

methodology appears very promising, and may help to provide a template for the 

management of severe acute soft tissue injury in civilian trauma.  Whether this 

knowledge gained by the military can be translated into civilian practice is unknown and 

it is the purpose of this preliminary study to explore these wound dynamics in our 

population. 

4.0  Objectives 

Hypothesis:  

Serum and wound effluent biomarkers as a measure of local and systemic healing 

milieu will be similar in military patients with war wounds and in civilian patients with 

traumatic or surgical wounds.   

Objectives: 

1. Analyze wound and serum specimens for biomarkers from civilian patients with 

open wounds and compare these results with results previously obtained from 

military patients with war wounds. 

2. Validate current Bayesian predictive model used for wound management in 

military wounds for use in the civilian setting or create analogous model for use in 

civilian setting. 

5.0  Study Design and Methods 

Study Design and Conduct:   
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Patients admitted by the Emory Surgical Service at Grady Memorial Hospital will be 

screened for the entrance criteria listed below.  Appropriate patients will be approached 

for informed consent (see informed consent procedure below).  Once patients are 

enrolled they will have their demographic information placed in the study data base. 

Each patient will be given a study number to allow for de-identification of transmitted 

samples.   Data collected will include: patient age, date of admission, location (torso vs. 

extremity), initial size and etiology of the wound, the patient’s major co-morbidities, 

presenting vital signs, injury complex to calculate Injury Severity Score (in trauma 

patients), date of initial and all subsequent surgeries. They will then be treated with 

standard of care wound management including all necessary surgical washouts, 

debridements and bedside dressing changes.  Medical data regarding their acute 

condition will be collected at the time of each dressing change and placed in the study 

data base.  They will have the following blood, wound effluent and tissue samples 

collected: 

The night prior to any scheduled operative wound debridement, a study staff member 

will place a new Wound Vac canister in the VAC device to begin overnight effluent 

collection.  The patient will then undergo standard of care wound irrigations and 

debridements provided by the Emory surgical faculty at Grady Hospital.  At the time of 

each debridement, the study staff will obtain at least 1 cm3 of debrided tissue along with 

a 10 mL sample of blood drawn from a peripheral site.  In most cases, the tissue 

obtained will be part of the standard of care wound debridement, however, if no tissue 

requires debridement for clinical reasons, the sample will be taken from the granulating 

tissue.  Since these patients will undergo a variable number of debridements, it is 

possible that the amount of blood drawn for a particular subject could exceed 50 mL 

(3mL/kg) over an eight week time period.  Finally, the Wound Vac canister from the prior 

night will be removed and a new canister will be placed.  When the VAC system is re-

applied to the enrolled patient wound, a two-hour post-debridement effluent collection 

will begin.  Two hours after surgery, study staff will collect the VAC canister and replace 

it with a new canister and patient will then receive standard wound therapy until the next 

planned debridement when the above process will be repeated.  If the decision is made 

to close the wound at any surgical procedure, the patient’s blood and tissue samples 
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will constitute the end of sample collection for this patient unless they were to again 

fulfill entrance criteria on a future date. 

In addition, at the time of any bedside wound vac change planned for the study wound, 

a similar procedure will be undertaken to obtain the same blood smaples, debrided 

tissue and vac effluent at the bedside. 

These samples will be collected and processed by the study staff using the patient’s 

unique study number and transported to the Naval Medical Research Center which will 

further process and store these samples indefinitely.    Results of biomarker assays will 

be compared to results previously obtained (but de-identified) in military patients with 

war wounds to ascertain the similarities and differences in the wound and systemic 

healing dynamics in the two patient populations.  All demographic and outcome data will 

be de-identified prior to transmission to the Naval Medical Research Center.  The 

civilian data will then be use to validate the current predictive model used for military 

wound management or to create an analogous model for use in the civilian setting. 

At each wound debridement, a digital photograph limited to the wound bed will be taken 

by study staff, dated and stored digitally in the study data base.  Also, the wound 

dimensions will be manually recorded. 

Upon discharge, various outcome measures will be recorded and entered into the study 

data base.  These will include: hospital length of stay, intensive care unit length of stay, 

ventilator days, final outcome of the wound, wound complications, discharge date and 

discharge disposition.  Please see the data collection sheet attached for the types of 

demographic, wound and outcome data that will be recorded. 

6.0 Participant Selection 

Entrance Criteria:   

The eligible population will be adult male and female patients treated at Grady Memorial 

Hospital with wounds meeting the criteria listed below and who are being treated with a 

vacuum assisted closure (VAC) device.  This device is in common use at Grady Hospital 

and is well within the standard of care for these wounds.   
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1. Surgical or Traumatic Wound ≥ 75cm2 or traumatic amputation with open wound

2. Wound amendable to VAC treatment

3. Minimum age of 18 years

Exclusion Criteria. 

Women who are found to be pregnant and patients who are also prisoners will be 

excluded. 

Sample Size:  

Grady Memorial Hospital sees approximately 125 patients with wounds that would meet 

entrance criteria annually and the study is expected to run over 3 years, leaving a 

requested sample size of 400 patients.   Combined refusal and withdrawal rate is 

expected to be very low.   

Patient Recruitment 

a. Patients will be identified by one of the co-investigators by the attendance of general

surgery morning report, attendance of trauma bay resuscitations and review of surgical

operative logs. The admitting surgeon will be contacted to ensure they are in agreement

with patient enrollment prior to approach of the patient.  Refusal to participate in the

study will not affect the patient’s access to care or surgical priority.  Patients will be

instructed that they can withdraw from the study at any time and for any reason without

penalty or adjustments in their care.

b. Subjects will not be compensated for their participation.

Informed Consent: 

All patients with wounds that meet inclusion criteria will be approached by study 

personnel and there will be a detailed discussion with the patient and or the patient’s 

family regarding the aims of the study in addition to the risks and benefits. They will be 

informed that, based on biomarkers that have been identified in the military setting, that 

there have been identified certain proteins in the fluid coming from the wounds that is 

collected in the wound vacuum system and from wound biopsies that is predictive of 

early or delayed healing in the military setting. A specific discussion with each patient 
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and family will be carried out informing them that wound biopsies will be analyzed for 

inflammatory and growth factors using genetic analysis as well as for bacteriologic 

colonization. It will be stated that we would like to have them participate in this study 

that will analyze how wounds seen in the civilian setting are similar or different with the 

intention that these finds may lead to a more detailed understanding of when to best 

close a wound in future patients.  We will explain that the samples taken will be 

processed and then the results will be analyzed and compared to similar findings from 

patients with war wounds.   We will also inform them that the samples they submit will 

be stored in the tissue bank of the Emory Transplant Center for potential future 

evaluation. 

In addition, the procedures involved in maintaining privacy and confidentiality will be 

reviewed with them as outlined in the consent/HIPPA forms to inform them that we will 

be collecting different personal information about them to see if this personal 

information may help in determining if the computer program can identify certain factors 

that may be associated with early or delayed healing and all the personal information 

will be stored in a secure fireproof filing cabinet so their Protected Health Information is 

not compromised. Either the principal or co-investigators will be responsible for 

obtaining informed consent.  If the patient is unable to give personal consent for this 

study, the next-of-kin or health care representative will be approached and consent 

sought after appropriate discussion. 

Photographs of the wounds will be taken during each operating room washout 

procedure in order to determine the area and volume of each of the enrolled wounds. 

The area and volume determination of the wounds will be calculated either using a 

computerized picture area and volume calculating or a laser imaging area and volume 

calculating method.   

7.0  Statistical Analysis 

Statistical analyses will be performed mainly by researchers at the Naval Medical 

Research Center using the statistical models they have previously validated. 
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8.0 Adverse Event Reporting 

All surgical debridements and wound management will be standard of care and no 

additional procedures will be performed solely for study purposes.  The amount of tissue 

and blood collected from the patient are minimal and constitute insignificant risk, no 

more than a standard phlebotomy would entail.  The wound vac effluent collected would 

otherwise be considered waste and discarded.  There is a minimal risk of loss of 

confidentiality due to the review and data abstraction from the medical records.  

Should a serious adverse event occur, however, the PI within one working day will 

report the event to the Emory IRB.  Unexpected, but not serious adverse events, will be 

reported within 10 working days after the PI receives notification.   

9.0  Data Safety and Monitoring Plan 

As no clinical decision will be made with results from the collected specimens, there is 

no risk that individual patient care will be affected by data obtained in this observational 

trial.  Therefore, no formal DSMP is necessary. 
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Universidad de Emory y Sistema de Salud Grady 

Consentimiento para ser un Sujeto de Investigación 
 
 
Título: El efecto de la expresión de marcadores biológicos inflamatoria sobre las decisiones de cerrar 
heridas traumáticas.   
 
Investigador principal:  Christopher J Dente MD 
 
Colaborador del Estudio: Departamento de Defensa, Centro de Investigación Médica Naval 
 

Introducción 
Se le está solicitando estar en un estudio de investigación médica. Este formulario está diseñado para 
decirle todo en lo que debe pensar antes de decidir consentir (estar de acuerdo) a estar en el estudio o 
no estar en el estudio. Es enteramente su decisión. Si decide participar, puede cambiar de opinión más 
tarde y retirarse del estudio de investigación. La decision de unirse o no unirse al estudio de 
investigación no le causará la pérdida de ningún beneficio médico. Si decide no participar en el estudio, 
su doctor continuará ofreciéndole tratamiento.  

 
Antes de tomar su decisión: 

 Por favor lea este formulario o haga que alguien se lo lea cuidadosamente  

 Por favor escuche al doctor del estudio o al personal del estudio explicarle el estudio  

 Por favor haga preguntas sobre cualquier cosa que no sea clara 
 
Puede quedarse con una copia de este formulario de consentimiento. Siéntase con la libertad de 
demorarse considerando si le gustaría participar. Quizás quiera discutir su decisión con familia o amigos. 
No firme este formulario de consentimiento a no ser que haya tenido oportunidad de hacer preguntas y 
recibir respuestas que para usted tengan sentido. Al firmar este formulario, no está renunciando a 
ningún derecho legal.  
 
Una descripción de este ensayo clínica estará disponible en http://www.ClinicalTrials.gov, como 
requiere la ley de Estados Unidos. Esta página Web no incluirá información que lo identifique. Cuando 
más, la página Web incluirá un resumen de los resultados. Puede explorar esta página Web en cualquier 
momento.   

 

Descripción del Estudio 
El propósito del estudio es entender cómo las heridas grandes sanan en un hospital civil. También nos 
gustaría aprender si hay cosas que ayudarían a los cirujanos decidir cuándo cerrar una herida. Acciones 
militares recientes han permitido a los cirujanos que brindan tratamiento a los soldados estudiar sus 
heridas. Estos cirujanos han creado un método para asistirles en sus decisiones de cerrar algunas de 
estas heridas. Usan medidas de sustancias pequeñas en la sangre de un paciente y tejido de herida para 
predecir la cicatrización exitosa de estas heridas. Muchos hospitales civiles enfrentan problemas 
similares con heridas grandes en pacientes heridos. En efecto, el Hospital Grady Memorial ofrece 
tratamiento a más de 100 pacientes por año con este tipo de heridas. En este estudio, nos hemos 



Estudio No.: IRB00058229 IRB Universidad de Emory
IRB uso exclusivo 

Documento Aprobado El: 7/2/2014 
Aprobación del Proyecto Expira El: 7/1/2015 

 

Página 2 de 6  Fecha de Versión: 06/12/2012 
IRB Formulario 02242012 

asociado a un centro de investigación militar para entender mejor cómo las heridas se curan en los 
hospitales militares. Para hacer esto, le estamos pidiendo que participe en este estudio. Si está de 
acuerdo, varios especímenes de sangre y tejido suyos y de sus heridas serán recopilados. Estos serán 
analizados con un enfoque en las mismas sustancias que se ha demostrado predicen cicatrización de 
heridas exitosa en heridas militares. Se espera que también podamos crear un método de ayudarnos a 
decidir respecto al cierre de heridas en nuestro hospital. .   
 

Procedimientos: Ninguna decisión sobre su cuidado o administración de su herida se 
tomará con base a ningún procedimiento relacionado al estudio. Independientemente de 
si decide o no participar, experimentará la administración de heridas estándar, la cual 
consiste de un tratamiento con el sistema de cierre asistido al vacío, desbridamientos de 
herida estándar y en ocasiones múltiples en el salón de operaciones y cierre de heridas 
eventual (ya sea con suturas o injerto de piel) tal como lo decidan sus cirujanos. Si decide 
participar en el estudio, los siguientes eventos ocurrirán:  

1. La noche antes de cada procedimiento o vendaje quirúrgico, el contenedor al vacío en su 
vendaje será cambiado para permitir la colección de fluidos de la herida previo a cada 
procedimiento.  

2. Durante cada procedimiento quirúrgico, la anestesia o personal del estudio obtendrá un tubo de 
sangre (estimadamente 10 mL) y sacará un pequeño pedazo de tejido (menor que una moneda 
de diez centavos) de su escara. El pedazo de tejido removido es tan pequeño que no cambiará la 
forma en la que su herida sana.  

3. Si su herida no cierra durante ese procedimiento, el nuevo contenedor de herida vac será 
cambiado 2 horas después de la cirugía para permitirles la recolección de fluido de herida 
inmediatamente después del procedimiento.  

4. Una foto digital limitada a la escara será tomada al final de cada procedimiento, justo antes de 
la aplicación del vendaje quirúrgico. Su herida también será medida en este momento.  

5. El mismo proceso se repite durante cada procedimiento quirúrgico subsecuente y por todos los 
cambios de herida vac junto a la cama.   

6. Una vez sus cirujanos decidan cerrar su herida, no habrá que tomarle más muestras.  
7. Una vez haya sido dado de alta, su récord médico será revisado para encontrar datos respecto a 

su cuidado y resultados.  
8. Todos los specimens serán etiquetados con un número de estudio (para proteger su identidad) y 

enviados al Centro de Investigación Médica Naval después de la recolección par ser procesados 
y guardados.   

9. Los resultados enviados al Centro de Investigación Médica Naval no contendrán información que 
pueda identificarlo directamente.  

Recopilaremos  información  sobre  usted  tal  como  su  género,  raza  y  edad.  Esta  información  será 
registrada en una base de datos del estudio. Recibirá un número único de estudio. Toda  información 
sobre usted y las muestras de sangre será identificada por este número de estudio. Su nombre no será 
usado en conexión con la información o las muestras de sangre/tejido.  

Alguna de la sangre y tejido que recogemos de usted será guardado por largos periodos de tiempo. Las 
varias partes de su sangre y tejido serán guardadas individualmente. Además, porciones de su material 
genético (ADN y ARN) también serán guardadas. Al firmar este formulario, usted estará consintiendo a 
permitir que sus muestras se guarden y examinen. Parte de su sangre y/u orina podría ser enviada al 
laboratorio  del  hospital  para  exámenes  rutinarios  que  se  hacen  allá. Una  vez más,  su muestra  será 
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etiquetada  con  su  número  de  estudio.  El  costo  de  los  exámenes  administrados  será  cubierto  por  el 
estudio de investigación. Usted no tendrá que pagar por ninguno de estos exámenes.  

Usted entiende y está de acuerdo en que  cualquier muestra de  tejido,  sangre,  célula u otra muestra 
biológica que provea como participante en este estudio investigativo son donaciones de estas muestras 
a  la Universidad de Emory. Al realizar su donación, estas muestras, y cualquier data, descubrimientos, 
materiales u otros productos que provengan de las muestras serán de propiedad exclusiva, permanente 
de  la Universidad de Emory. Usted no tendrá derechos de propiedad sobre  las muestras, así como no 
tendrá ningún derecho de propiedad o estará en derecho de compensación de ningún tipo por cualquier 
producto, data u otros  ítems o  información que  se desarrolle  a partir de  las muestras. No obstante, 
usted puede, en cualquier momento, solicitar que se destruya su muestra, y haremos todos los intentos 
razonables para honrar su solicitud. Una solicitud escrita se puede enviar al Dr. Christopher J Dente MD, 
69 Jesse Hill Jr Drive SE.  Rm 307, Atlanta, Ga   30303. 
 
Usted puede cambiar de opinión en cualquier momento y solicitar que sus muestras se destruyan. Si sus 
muestras no se han procesado, se destruirán a partir de la fecha de su solicitud. Si su(s) muestra(s) han 
sido procesadas, entonces la información será usada como parte del análisis general del estudio. 
 
 

Riesgos e Incomodidades  
Dado que ninguna decisión relacionada a su cuidado se está haciendo con base en los resultados de este 
estudio, no hay riesgos comunes o significativos asociados con la participación más allá del riesgo de una 
muestra de sangre. Este riesgo sería el mismo que presentaría cualquier otra muestra de sangre que 
haya proveído. El riesgo de sacar sangre es dolor, moretones, infección, enrojecimiento, hinchazón en el 
lugar donde se introduzca la aguja, mareo y un pequeño chance de desmayo. También está la 
posibilidad de que un coágulo de sangre se forme en el lugar donde se introduzca la aguja. La cantidad 
de tejido y sangre removida para efectos del estudio es pequeña y no presenta amenazas a su salud o la 
habilidad de saneamiento de su herida. 

Nueva Información 
Es posible que los investigadores aprendan algo nuevo durante el estudio sobre los riesgos de estar en 
él. Si esto ocurre, se lo comunicarán. Entonces podrá decidir si quiere continuar en el estudio o no. 
Quizás se le pida firmar un nuevo formulario de consentimiento que incluya la nueva información si 
usted ha decidido quedarse en el estudio. 

Beneficios 
Este estudio no está diseñado para beneficiarlo directamente. Su herida puede mejorar mientras esté en 
este estudio, pero puede que no, e incluso puede empeorar. Este estudio está diseñado para aprender 
más sobre el saneamiento de heridas y los resultados del estudio pueden ser usados para ayudar a otros 
en el futuro.  

Compensación  

No se le será ofrecido pago por estar en este estudio.  
 
Le daremos asistencia médica de emergencia  si usted es herido por esta  investigación.  Sin embargo, 
Grady  Health  System  no  ha  dejado  de  lado  fondos  para  pagar  por  esta  asistencia  médica  o  para 
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compensar  a  usted  si  ocurre  un  accidente.  Si  usted  cree  que  ha  sido  herido  por  esta  investigación, 
debería contactar Dr. Christopher J Dente (Teléfono 404‐616‐8915)”. 
 

Confidencialidad 

Algunas oficinas y personas además de los investigadores podrían mirar tu información médica y récords 
del estudio. Las agencias gubernamentales y empleados de Emory o Sistema de Salud Grady 
supervisando la conducta apropiada del estudio pueden revisar sus récords en el estudio. Estas oficinas 
incluyan la Oficina de Protecciones de Investigación Humana, el Buró de Revisión Institucional de Emory, 
el Comité de Supervisión de Investigación Grady y la Oficina de Cumplimiento de la Investigación de 
Emory. Los patrocinadores del estudio también pueden mirar sus récords del estudio. Emory y el 
Sistema de Salud Grady mantendrán cualquier récord investigativo que creemos al punto en que sea 
requerido hacerlo por ley. Un número de estudio en vez de su nombre será usado en sus récords de 
estudio cuando sea posible. Su nombre y otros datos que puedan llevar a usted no aparecerán cuando 
presentemos este estudio o publiquemos sus resultados.  
 
Los récords de estudio pueden ser abiertos mediante orden judician. También pueden ser producidos en 
respuesta a una citación o solicitud de producción de documentos.  
 
Información de la Investigación No Aparecerá en el Récord Médico:  
Si usted es o ha sido un paciente de Emory o Sistema de Salud Grady, tiene un récord médico de Emory 
o el Sistema de Salud Grady. Si no es o no ha sido nunca un paciente de Emory o del Sistema de Salud 
Grady, no tiene uno. Por favor note que un récord médico de Emory o el Sistema de Salud Grady será 
creado si se le realiza cualquier servicio o procedimiento por parte de un proveedor o instalci´øn de 
Emory o Sistema de Salud Grady para este estudio. 
 
Si usted consiente a estar en este estudio, una copia del formulario de consentimiento y formulario de 
paciente HIPAA que firme será guardada en su récord médico Emory o del Sistema de Salud Grady. 
Cualquier persona con acceso a su récord médico tendrá la posibilidad de acceder a toda la información 
del estudio contenida allí. La confidencialidad de la información del estudio en su récord médico será 
protegida por leyes como la Regla de Privacidad HIPAA. Por otra parte, algunas leyes estatales y 
federales podrían no proteger la confidencialidad de la información de la investigación . 
 
Emory y el Sistema de Salud Grady no controlan los resultados de exámenes y procedimientos realizados 
en otros lugares, por lo cual estos resultados no serán depositados en su récord médico de Emory o el 
Sistema de Salud Grady. Será improbable que estén disponibles para Emory o el Sistema de Salud Grady 
con motivo de ayudar a su cuidado. Emory y el Sistema de Salud Grady, además, no controlan otros 
récords médicos que pueda tener con otros proveedores del cuidado de la salud. Emory y el Sistema de 
Salud Grady no enviarán resultados de ningún examen o procedimiento del estudio a estos proveedores. 
Si decide estar en el estudio, depende de usted hacerles saber. 
 
Los investigadores revisarán los resultados de ciertos exámenes y procedimientos del estudio sólo por la 
investigación. Los investigadores no estarán revisando los resultados de estos exámenes y 
procedimientos para tomar decisiones sobre su salud y tratamiento personal. Para este estudio, esas 
cosas incluyen: los resultados de la administración de su herida, incluyendo el número de veces que 
haya ido al salón de operaciones y cómo su herida fue cerrada (sutura, injerto de piel); cuánto tiempo 
estuvo en el hospital; cualquier complicación médica que haya ocurrido mientras estaba en el hospital; 
qué tipo de herida o infección causó sus heridas y otra información básica sobre su edad y salud general.  
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Costos 
Usted no tendrá ningún costo por participar en este estudio. A usted no se le cobrará por ninguna de las 
actividades investigativas.  

Retiro del Estudio 
Usted tiene el derecho de dejar el estudio en cualquier momento sin penalidad 

Los investigadores y patrocinador también tienen el derecho de suspender su participación en este estudio 
sin su consentimiento si: 

 Creen que le conviene;

 Usted fuera a objetar a cualquier cambio futuro que se realice en el plan de estudio;

 Por cualquier otra razón.

Información de Contacto 
Puede comunicarse con Christopher Dente MD al 404‐251‐8915:  

 Si tiene cualquier pregunta sobre este estudio o su papel en él,

 Si siente que ha tenido un daño relacionado a la investigación o una reacción negativa a la droga
del estudio, o

 Si tiene preguntas, preocupaciones o quejas sobre la investigación

Comuníquese con el Buró de Revisión Institucional de Emory al 404‐712‐0720 o 877‐503‐9797 o 
irb@emory.edu: 

 Si tiene preguntas sobre sus derechos como participante en la investigación.

 Si tiene preguntas, preocupaciones o quejas sobre la investigación.

 También puede hacerle saber al IRB sobre sus experiencias como participante en la investigación a
través de la Encuesta de Participantes de la Investigación:
http://www.surveymonkey.com/s/6ZDMW75.

Si usted es un participante del Sistema de Salud Grady, también puede comunicarse con Dr. Curtis Lewis, 
Senior Vicepresidente de Asuntos Médicos del Sistema de Salud Grady al (404) 616‐4261. 

Consentimiento 
Por favor, escriba en letra de molde su nombre y firme abajo si está de acuerdo con estar en este 
estudio. Al firmar este formulario de consentimiento, no está renunciando a ninguno de sus derechos 
legales. Le daremos una copia de este consentimiento firmado, para sus registros.  

Nombre del Sujeto 
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Firma del Sujeto   Fecha     Hora 

Firma de la Persona Conduciendo la Discusión del Consentimiento Informado   Fecha     Hora 

 
Nombre de la Persona Conduciendo la Discusión del Consentimiento Informado  

Firma de Representante Legalmente Autorizado  Fecha      Hora 

Autoridad de Representante Autorizado Legalmente o Relación con Sujeto  
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You Are Being Asked to Be in a Research Study 

What Is a Research Study? 
The main purpose of research studies is to gain knowledge. This knowledge may be used to 
help others. Research studies are not intended to benefit you directly, though some might.   

Do I Have to Do This? 
No. Being in this study is entirely your choice.  If you decide to join this study, you can 
change your mind later on and withdraw from the research study.  

Taking part in a study is separate from medical care. The decision to join or not join the 
research study will not affect your status as a patient.   

What Is This Document? 
This form is an informed consent document. It will describe the study risks, procedures, and 
any costs to you. 

This form is also a HIPAA Authorization document. It will describe how your health information 
will be used and by whom. 

Signing this form indicates you are willing to take part in the study and allow your health 
information to be used. 

What Should I Do Next? 
1. Read this form, or have it read to you.
2. Make sure the study doctor or study staff explains the study to you.
3. Ask questions (e.g., time commitment, unfamiliar words, specific procedures, etc.)
4. If there will be medical treatment, know which parts are research and which are

standard care.
5. Take time to consider this, and talk about it with your family and friends.
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Emory University and Grady Health System 
Consent to be a Research Subject / HIPAA Authorization  

Title:  The effect of inflammatory biomarker expression on decisions to close traumatic wounds 

Principal Investigator:  Christopher J Dente, MD 

Study‐Supporter:  Department of Defense, Naval Medical Research Center 

Introduction 
You are being asked to be in a medical research study. This form is designed to tell you everything you need to think 
about before you decide if you want to be a part of the study.  It is entirely your choice.  If you decide to take part, you 
can change your mind later on and withdraw from the research study. The decision to join or not join the research 
study will not cause you to lose any medical benefits.  If you decide not to take part in this study, your doctor will 
continue to treat you. 

Before making your decision: 

 Please carefully read this form or have it read to you

 Please listen to the study doctor or study staff explain the study to you

 Please ask questions about anything that is not clear

You can take a copy of this consent form, to keep. Feel free to take your time thinking about whether you would like to 
participate. You may wish to discuss your decision with family or friends. Do not sign this consent form unless you have 
had a chance to ask questions and get answers that make sense to you.  By signing this form you will not give up any 
legal rights. 

A description of this clinical trial will be available on http://www.ClinicalTrials.gov, as required by U.S. law. This Web site 
will not include information that can identify you. At most the Web site will include a summary of the results. You may 
search this Web site at any time. 

What is the purpose of this study? 
The purpose of this study is to understand how large wounds heal in a civilian hospital.  We would also like to learn if 
there are things that would help surgeons decide on when to close a wound. Recent military actions have allowed 
surgeons treating soldiers to study their wounds. These surgeons have created a method to assist in their decisions to 
close some of these wounds.  They use measurements of small substances in a patient’s blood and wound tissue to 
predict the successful closure of these wounds.  Many civilian hospitals face similar issues with large wounds in injured 
patients.  Indeed, Grady Memorial Hospital treats more than 100 patients a year with these types of wounds.   In this 
study, we have partnered with a military research center to better understand how wounds heal in civilian hospitals. In 
order to do so, we are asking you to participate in this study.  If you agree, several blood and tissue specimens obtained 
from you and your wound will be collected.  They will be analyzed for the same substances that have been shown to 
predict successful wound closure in military wounds.  It is hoped that we will also be able to create a method to help 
with our decisions to close wounds in our hospital. 

What will I be asked to do? 
No decisions regarding your care or your wound management will be made based on any study related procedures.  
Whether or not you choose to participate, you will undergo the standard wound management which consists of 
treatment with the “vacuum” dressing, standard and sometimes multiple wound debridements in the operating room 
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and eventual wound closure (either by sutures or skin grafts) as decided upon by your surgeons.  If you choose to 
participate in the study, the following events will occur: 

1. The night before each surgical procedure or dressing change, the vacuum canister on your dressing will be
changed to allow for collection of wound fluid prior to each procedure. 

2. During each surgical procedure, the anesthesia or study staff will draw one tube of blood (about 10 mL) and will
take a small piece of tissue (smaller than a dime) from your wound bed.  The piece of tissue removed is so small 
that it will in no way change the way your wound heals. 

3. If your wound is not closed during that procedure, the new wound vac canister will be changed 2 hours after the
surgery to allow for collection of wound fluid immediately after the procedure.  

4. A digital picture limited to the wound bed will be taken at the end of each procedure, just prior to placement of
the surgical dressing.  Your wound will also be measured at this time. 

5. The same process is repeated during each subsequent surgical procedure and for all bedside wound vac
changes. 

6. Once your surgeons decide to close your wound, you will have no further samples taken.
7. Upon discharge, your medical record will be reviewed for specific data regarding your care and outcome.
8. All specimens will be labeled with a study number (to protect your identity) and sent to the Naval Medical

Research Center after collection to be processed and stored.
9. Results sent to the Naval Medical Research Center will not contain information that can identify you directly.

We will collect information about you such as your gender, race, and age. This information will be entered into a study 
database. You will be given a unique study number.  All information about you and the blood samples will be identified 
by this study number. Your name will not be used in connection with the information or the blood/tissue samples. 

Who owns my study information and samples? 
If you join this study, you will be donating your samples and study information.  You will not receive any compensation if 
your samples or information to make a new product. If you withdraw from the study, data and samples that were 
already collected may be still be used for this study. 

Some of the blood and tissue we collect from you will be stored for long periods of time. The various parts of your blood 
and tissue will be stored individually. In addition, portions of your genetic material (DNA and RNA) will also be stored. By 
signing this form, you will be agreeing to allow storage and testing of your samples. Some of your blood and/or urine 
may be  sent  to  the hospital  laboratory  for  routine  tests  that  are performed  there. Once  again,  your  sample will be 
labeled with your study number. The costs of the tests that are being run will be paid for by the research study. You will 
not be billed for any of these tests. 

You understand and agree that any tissue, blood, cell, or other biological samples that you provide as a participant in 
this research study are donations of these samples to Emory University. Upon you donation, these samples, and any 
data, discoveries, materials or other products that come from the samples will be the exclusive, permanent property of 
Emory University. You will not have any property rights in the samples, nor will you have any property rights in or be 
entitled to compensation of any type for any products, data, or other items or information that is developed from the 
samples. Nevertheless, you may, at any time request that we destroy your sample, and we will make all reasonable 
attempts to honor your request. A written request can be sent to Dr. Christopher J Dente MD, 69 Jesse Hill Jr Drive SE.  
Rm 307, Atlanta, Ga  30303. 

You can change your mind at any time and ask to have your samples destroyed. If your samples have not been 
processed, they will be destroyed from the date of your request. If your sample(s) have been processed, then the 
information will be used as part of the overall study analysis. 

What are the possible risks and discomforts? 
There may be side effects from the study procedures that are not known at this time.  
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As no decisions related to your care are being made based on results of this study, there are no common or significant 
risks associated with participation aside from the risk of a blood draw.  This risk would be no different from any other 
blood draw you have ever had. The amount of tissue and blood removed for study purposes is very small and poses no 
threat to your health or your ability to heal your wound. 

The most common risks and discomforts from having blood drawn are: pain, bruising, infection, redness, swelling at the 
site of the needle stick and dizziness.   
The less common risks and discomforts expected in this study are: a chance of fainting. 
Rare but possible risks include: the possibility that a blood clot will form at the needle site. 

It is possible that the researchers will learn something new during the study about the risks of being in it.  If this 
happens, they will tell you about it. Then you can decide if you want to continue to be in this study or not.  You may be 
asked to sign a new consent form that includes the new information if you decide to stay in the study. 

Will I benefit directly from the study?  
This study is not designed to benefit you directly. Your wound may improve while you are in this study but it may not, 
and it may even get worse.  This study is designed to learn more about wound healing and the study results may be used 
to help others in the future.   

Will I be compensated for my time and effort? 

You will not be offered compensation for being in this study.  

What are my other options? 

If you decide not to enter this study, there is care available to you outside of this research study.   You do not have to be 
in this study to be treated for your wound. 

How will you protect my private information that you collect in this study? 
Emory and Grady Health System will keep any research records that it creates private to the extent that this is required 
to do so by law.  Whenever possible, a study number, rather than your name, will be used on study records.  Your name 
and other identifying information will not appear when we present or publish the study results. 

Study records can be opened by court order.  They also may be provided in response to a subpoena or a request for the 
production of documents.  

Genetic Information 
The Genetic Information Nondiscrimination Act (GINA) is a federal law that protects against genetic discrimination. This 
law makes it illegal for health insurance companies, group health plans, and most employers to discriminate against you 
based on your genetic information. This law does not protect you from being discriminated in life insurance, long‐term 
care insurance, or from employers with less than 100 workers. 

Medical Record 
If you have been an Emory and Grady Health System patient before, then you already have an Emory and Grady Health 
System medical record.  If you have never been an Emory and Grady Health System patient, you do not have one.   An 
Emory and Grady Health System medical record will be made for you if an Emory and Grady Health System provider or 
facility gives you any services or procedures for this study.   

Copies of the consent form/HIPAA authorization that you sign will be put in any Emory and Grady Health System medical 
record you have now or any time during the study.   
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The results of some study tests and procedures will be used only for research purposes and will not be placed in your 
medical record.  For this study, those items include: results of the research tests done on the blood, tissue and wound 
fluids that are done only for research purposes. 

Tests and procedures done at non‐Emory and Grady Health System places may not become part of your Emory and 
Grady Health System medical record. Also, if you decide to be in this study, it is up to you to let your other health 
providers know.  

In Case of Injury 
If you get ill or injured from being in the study, Emory will help you to get medical treatment.   Emory and Grady Health 
System and the sponsor have not, however, set aside any money to pay you or to pay for this medical treatment. The 
only exception is if it is proven that your injury or illness is directly caused by the negligence of an Emory or sponsor 
employee.  “Negligence” is the failure to follow a standard duty of care.  

If you become ill or injured from being in this study, your insurer will be billed for your treatment costs.  If you do not 
have insurance, or if your insurer does not pay, then you will have to pay these costs.   

If you believe you have become ill or injured from this research, you should contact Dr. Christopher Dente at telephone 
number 404‐251‐8915. You should also let any health care provider who treats you know that you are in a research 
study.  

Costs 
There will be no costs to you for participating in this study, other than basic expenses like transportation. You will not be 
charged for any of the research activities. 

Withdrawal from the Study 
You have the right to leave a study at any time without penalty.  

The researchers also have the right to stop your participation in this study without your consent for any reason, especially if 
they believe it is in your best interest or if you were to object to any future changes that may be made in the study plan. 

Authorization to Use and Disclose Protected Health Information

The privacy of your health information is important to us.  We call your health information that identifies you, your 
“protected health information” or “PHI.”  To protect your PHI, we will follow federal and state privacy laws, including the 
Health Insurance Portability and Accountability Act and regulations (HIPAA).  We refer to all of these laws as the “Privacy 
Rules.”  Here we let you know how we will use and disclose your PHI for the study. 

PHI that Will be Used/Disclosed:   
The PHI that we will use or share for the main research study includes: 

 Medical information about you including your medical history and present/past medications.

 Results of exams, procedures and tests you have before and during the study.

 the number of times you went to the operating room and how your wound was closed (suture, skin
graft)

 any medical complications that occurred while you were in the hospital

 what type of injury or infection caused your wounds

 Information about the outcome of your wound and how long you were in the hospital.
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Purposes for Which Your PHI Will be Used/Disclosed: 
We will use and share your PHI for the conduct and oversight of the research study.  We will use and share your 
PHI to provide you with study related treatment and for payment for such treatment.  We will also use and 
share your PHI to conduct normal business operations.  We may share your PHI with other people and places 
that help us conduct or carry out the study, such as laboratories, data management centers, data monitors, 
contract research organizations, Institutional Review Boards (IRBs)and other study sites. If you leave the study, 
we may use your PHI to determine your health, vital status or contact information. 

 Use and Disclosure of Your Information That is Required by Law:   
We will use and disclose your PHI when we are required to do so by law. This includes laws that require us to 
report child abuse or abuse of elderly or disabled adults. We will also comply with legal requests or orders that 
require us to disclose your PHI. These include subpoenas or court orders.   

Authorization to Use PHI is Required to Participate: 
By signing this form, you give us permission to use and share your PHI as described in this document. You do not 
have to sign this form to authorize the use and disclosure of your PHI.  If you do not sign this form, then you may 
not participate in the research study or receive research‐related treatment.  You may still receive non‐research 
related treatment.   

People Who will Use/Disclose Your PHI: 
The following people and groups will use and disclose your PHI in connection with the research study: 

 The Principal Investigator and the research staff will use and disclose your PHI to conduct the study and
give you study related treatment.

 Emory and Grady Health System may use and disclose your PHI to get payment for study related
treatment and to run normal business operations.

 The Principal Investigator and research staff will share your PHI with other people and groups to help
conduct the study or to provide oversight for the study.

 The Department of Defense and the Naval Medical Research Center are the Sponsors of the study.  The
Sponsor may use and disclose your PHI to make sure the research is done correctly and to collect and
analyze the results of the research.  The Sponsor may disclose your PHI to other people and groups like
study monitors to help conduct the study or to provide oversight for the study.

 The following people and groups will use your PHI to make sure the research is done correctly and
safely:

o Emory and Grady Health System offices that are part of the Human Research Participant
Protection Program and those that are involved in study administration and billing.  These
include the Emory IRB, the Emory Research and Healthcare Compliance Offices, and the Emory
Office for Clinical Research.

o Government agencies that regulate the research including:  Office for Human Research
Protections; Food and Drug Administration

o Public health agencies.
o Research monitors and reviewer.
o Accreditation agencies.

Expiration of Your Authorization 
Your PHI will be used until this research study ends. 

Revoking Your Authorization 
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If you sign this form, at any time later you may revoke (take back) your permission to use your information.  If you want 
to do this, you must contact the study team at:  Dr. Christopher J Dente, 69 Jesse Hill Jr Drive SE, Department of Surgery, 
Room 307, Atlanta, Ga 30303. 

At that point, the researchers would not collect any more of your PHI.  But they may use or disclose the information you 
already gave them so they can follow the law, protect your safety, or make sure that the study was done properly and 
the data is correct.  If you revoke your authorization you will not be able to stay in the study.  

Other Items You Should Know about Your Privacy 
Not all people and entities are covered by the Privacy Rules.  HIPAA only applies to health care providers, health care 
payers, and health care clearinghouses.  If we disclose your information to people who are not covered by the Privacy 
Rules, including HIPAA, then your information won’t be protected by the Privacy Rules.  People who do not have to 
follow the Privacy rules can use or disclose your information with others without your permission if they are allowed to 
do so by the laws that cover them.   

To maintain the integrity of this research study, you generally will not have access to your PHI related to this research 
until the study is complete.  When the study ends, and at your request, you generally will have access to your PHI that 
we maintain in a designated record set.  A designated record set is data that includes medical information or billing 
records that your health care providers use to make decisions about you. If it is necessary for your health care, your 
health information will be provided to your doctor.  

We may remove identifying information from your PHI.  Once we do this, the remaining information will not be subject 
to the Privacy Rules.  Information without identifiers may be used or disclosed with other people or organizations for 
purposes besides this study.   



Study No.: IRB00058229 Emory University IRB
IRB use only 

Document Approved On: 6/3/2015 

Page 8 of 8 Version Date: 05/21/2015 
IRB Form 09292014 

Contact Information 
Contact Dr. Christopher Dente at 404‐251‐8915: 

 if you have any questions about this study or your part in it,

 if you feel you have had a research‐related injury or a bad reaction to the study drug, or

 if you have questions, concerns or complaints about the research

Contact the Emory Institutional Review Board at 404‐712‐0720 or 877‐503‐9797 or irb@emory.edu: 

 if you have questions about your rights as a research participant.

 if you have questions, concerns or complaints about the research.

 You may also let the IRB know about your experience as a research participant through our Research Participant
Survey at http://www.surveymonkey.com/s/6ZDMW75.

If you are a Grady Health System participant, you may also contact Dr. Curtis Lewis, Senior Vice President for Grady Health 
System Medical Affairs at (404) 616‐4261. 

Consent and Authorization 

Please print your name and sign below if you agree to be in this study. By signing this consent and authorization form, you 
will not give up any of your legal rights. We will give you a copy of the signed consent to keep. 

Name of Subject  

Signature of Subject   Date      Time 

 
Name of Person Conducting Informed Consent Discussion 

Signature of Person Conducting Informed Consent Discussion  Date      Time 

Signature of Legally Authorized Representative  Date      Time 
with authority for research decisions 

Authority of Legally Authorized Representative or Relationship to Subject 



EMORY 
U~ J VERSTT\' 

TO: Chistopher Dente, MD 
Principal Investigator 
General Su 

DATE: November 22, 2013 

lnstitulional Rtview n u:;mJ 

RE: Notification of Amendment Approval 
AM4 IRB00058229 

IRB00058229 
The effect of inflammatory biomarker expression on decisions to close traumatic 
wounds 

Thank you for submitting an amendment request. The Emmy IRB reviewed and approved 
this amendment under the expedited review process on 11117/2013. This amendment 
includes the following: 

Changes to Consent Fonn(s): Added Grady DOD Consent, version 7.0, added HIPAA 
Spanish 
Changes to Protocol Document(s): Added Grady Protocol DOD version 7.0 
Changes to Study T earn members: Added Rondi Gel bard and Thomas Moore 

Impotiant note: If this study is NIH-supported, you may need to obtain NIH prior approval 
for the change(s) contained in this amendment before implementation. Please review the 
NIH policy directives found at the following links and contact your NIH Program Officer, 
NIH Grants Management Officer, or the Emmy Office of Sponsored Programs if you have 
questions. 

Page 1 of2 

Policy on changes in active awards: http ://grants.nih.gov/grants/guide/notice-files/NOT-OD-
12-129.html 

Policy on delayed onset awards: http ://grants.nih.gov/grants/guide/notice-files/NOT -OD-12-
BO.html 

In future conespondence with the IRB about this study, please include the IRB file ID, the 
name of the Principal Investigator and the study title. Thank you. 

Sincerely, 

Mattha C. Patterson, CIP 
Research Protocol Analyst 
This letter has been digitally signed 

https://eresearch.emmy.edu/Emmy/Doc/O/R5IMDTNC2UP4D24V07D3IHN01C/fromStrin. .. 5/1/2014 



cc Fuller 
Gel bard 
Kirk 
Moore 

Syreese 

Rondi 
Allan 
Thomas 

Winship - Main 

Surgery - Main 
Ctr for Transplant'n 
Orthopaedics - Main 

Emory University IRB 
1599 Clifton Road, 5th Floor - Atlanta, Georgia 30322 

Tel: 404.712.0720 - Fax: 404.727.1358 - Email irb@emory.edu - Web: http/ lwww.irb.emorv.edu/ 
An equal opporlunity, affirmative action university 
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EMORY 
U~ J VERSTT\' 

TO: Chistopher Dente, MD 
Principal Investigator 
General Su 

DATE: December 11, 2013 

lnstitulional Rtview n u:;mJ 

RE: Notification of Amendment Approval 
AM5 IRB00058229 

IRB00058229 
The effect of inflammatory biomarker expression on decisions to close traumatic 
wmmds 

Thank you for submitting an amendment request. The Emmy IRB reviewed and approved 
this amendment under the expedited review process on 12/10/2013. This amendment 
includes the following: 

Changes to Consent Fonn(s): Revised Grady DOD IC, version 8.0 
Changes to Study T earn members 
Changes to ftmding or ftmding sources 

Important note: If this study is NIH-supported, you may need to obtain NIH prior approval 
for the change(s) contained in this amendment before implementation. Please review the 
NIH policy directives found at the following links and contact your NIH Program Officer, 
NIH Grants Management Officer, or the Emory Office of Sponsored Programs if you have 
questions. 

Page 1 of2 

Policy on changes in active awards: http://grants.nih.gov/grants/guide/notice-files/NOT-OD-
12-129.html 

Policy on delayed onset awards: http://grants.nih.gov/grants/guide/notice-files/NOT-OD-12-
130.html 

In future conespondence with the IRB about this study, please include the IRB file ID, the 
name of the Principal Investigator and the study title. Thank you. 

Sincerely, 

Martha C. Patterson, CIP 
Research Protocol Analyst 
This letter has been digitally signed 

https:/ /eresearch.emmy.edu/Emmy/Doc/O/OMRU1 OQDOFV 4J1FDST AF3U2063/fromStrin... 5/1/2014 



cc Fuller 

Gel bard 
Kirk 
Moore 

Syreese 

Rondi 
Allan 
Thomas 

Winship - Main 

Surgery - Main 
Ctr for Transplant'n 
Orthopaedics - Main 

Emory University IRB 
1599 Clifton Road, 5th Floor - Atlanta, Georgia 30322 

Tel: 404.712 0720 - Fax: 404.727.1358 - Email irb@emory.edu - Web: http://www.irb.emorv.edu/ 
An equal opporiunity, affirmative action university 
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EMORY 
U\! JVERSTT\' 

TO: Chistopher Dente, MD 
Principal Investigator 
General Su 

DATE: January 23, 2014 

lnstitulional Review nu:;mJ 

RE: Notification of Amendment Approval 
AM6 IRB00058229 

IRB00058229 
The effect of inflammatmy biomarker expression on decisions to close traumatic 
wmmds 

Thank you for submitting au amendment request. The Emmy IRB reviewed and approved 
this amendment under the expedited review process oul/23/2014. This amendment includes 
the following: 

Persollllel Change only: Adding Elizabeth Beth Begley as study Coordinator, Kevin Scott as 
other Emmy study staff and Julie Lee, Marialllle Spevak as Non-Emory study staff. 

Impmtant note: If this study is NIH-supported, you may need to obtain NIH prior approval 
for the change(s) contained in this amendment before implementation. Please review the 
NIH policy directives found at the following links and contact yom NIH Program Officer, 
NIH Grants Management Officer, or the Emmy Office of Sponsored Programs if you have 
questions. 

Page 1 of2 

Policy on changes in active awards: http://grants.nih.gov/grants/guide/notice-files/NOT -OD-
12-129.html 

Policy on delayed onset awards: http://grants.nih.gov/grants/guide/notice-files/NOT-OD-12-
130.html 

In future conespondence with the IRB about this study, please include the IRB file ID, the 
name of the Principal Investigator and the study title. Thank you. 

Sincerely, 

Dolllla Thomas 
Administrative Assistant 
This letter has been digitally signed 

https :/I eresearch.emory .edu/Emmy/Doc/0/21 T7VHCEIG 7KVFTEH5 S07E7IA5/fromString. .. 5/1/2014 



cc Begley Elizabeth Information Services 
Fuller Syreese Winship - Main 

Gelbard Rondi Surgery - Main 
Kirk Allan Ctr for Transplant'n 
Moore Thomas Orthopaedics - Main 

Emory University IRB 
1599 Clifton Road, 5th Floor - Atlanta, Georgia 30322 

Tel: 404.71 2.0720 - Fax: 404.727.1358 - Email irb@emory.edu - Web: http //www.irb.emorv.edu/ 
An equal opportunity, affirmative action university 
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EMORY 
UN I VERS ITY 

TO: Chistopher Dente, MD 
Principal Investigator 
General Su 

DATE: January 31, 2014 

lnstifuti<mal R<;vicw ll u:;~ rd 

RE: Notification of Amendment Approval 

AM7 IRB00058229 

IRB00058229 
The effect of inflammatmy biomarker expression on decisions to close traumatic 
wounds 

Thank you for submitting an amendment request. The Em01y IRB reviewed and approved 
this amendment under the expedited review process on 01/31/14. This amendment includes 
the following: 

Changes to Consent F 01ms 
Changes to Study Team members: 

• Added Bridget Fielder 
• Changed the roles for Kevin Scott, Marianne Spevak, and Julie Lee 

Documents reviewed with this application: 

• Wound biomaker Spanish trans 12.2013 (clean and tracked) 

Imp01tant note: If this study is NIH-supported, you may need to obtain NIH prior approval 
for the changes contained in this amendment before implementation. Please review the NIH 
policy directives found at the following links and contact your NIH Program Officer, NIH 
Grants Management Officer, or the Emory Office of Sponsored Programs if you have 
questions. 

Page 1 of2 

Policy on changes in active awards: http://grants.nih.gov/grants/guide/notice-files/NOT-OD-
12-129.html 

Policy on delayed onset awards: http ://grants.nih.gov/grants/guide/notice-files/NOT -OD-12-
BO.html 

In future conespondence with the IRB about this study, please include the IRB file ID, the 

https://eresearch.emOiy.edu!EmOiy/Doc/O/OS55UU09849K530ICH3N6V1AOC/fromString... 5/1/2014 



name of the Principal Investigator and the study title. Thank you. 

Sincerely, 

ScottS. Katz, MS 
Analyst Assistant 
This letter has been digitally signed 

cc 
Begley 
Fielder 
Fuller 
Scott 

Gel bard 
Kirk 
Moore 

Elizabeth 
Bridget 
Syreese 
Kevin 

Rondi 
Allan 
Thomas 

Infonnation Services 
Winship - Main 
Winship - Main 
Ctr for Transplant'n 

Surgety - Main 
Ctr for Transplant'n 
Orthopaedics - Main 

Emory University IRB 
1599 Clifton Road, 5th Floor- Atlanta, Georgia 30322 

Tel: 404.712 0720- Fax: 404.727.1358- Email irb@emory.edu- Web: http/lwww.irb.emorv.edu/ 
An equal opporiunity, affirmative action university 
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6{4/2015 

TO: Chistopher Dente, 1viD 
Ptincipal Investigator 
General Su 

DATE: March 14, 2014 

Am8 _58229 html 

RE: Notification of Amendment Appr oval 
AM8 ll{B00058229 

ll{B00058229 
The effect of inflrumnatory biomruker expression on decisions to close traumatic 
wounds 

Thank you for submitting atl amendment request. The Emory IRB reviewed and approved 
tlris amendment tmder the expedited review process on 3/14/2014. This amendment includes 
the following: 

Personnel Change Only: Adding Wilisha Johnson as other Emmy study staff. 

Important note: If this study is NIH-suppmted, you may need to obtain NIH prior approval 
for the change(s) contained in this amendment before implementation. Please review the NIH 
policy directives found at the following links and contact yom NIH Program Officer, NIH 
Grants Management Officer, or the Emory Office of Sponsored Programs if you have 
questions. 

Policy on changes in active awru·ds: http:l/&rults.nih.~ov/~ants/~ide/notice-files/NOT-OD-
12-129 .html 

Policy on delayed onset awards: httv:!/grants.nih.gov/grants/guide/notice-files/NOT -OD-12-
130.html 

In future correspondence with the ll{B about this study, please include the IRB file ID, the 
name of the Principal Investigator and the study title. Thank you. 

Sincerely, 

Donna Thomas 
Administrative Assistant 
This letter has been digitally signed 

Begley Elizabeth 

cc Fielder Bridget 
Fuller Syreese 
Scott Kevin 

Gel bard Rondi 
Kirk Allan 

lnfonnation Services 

Winship - Main 
Winship - Main 
Ctr for Transplant'n 

Surgery - Main 
Ctr for Transplant'n 

file///C:/Users/cclear/AppData/Locai/M icrosofWo/ind<Mtsff emporary%201nternet%20Files/Contenl0utlook/OXB5YRZS/Am8 _58229.html 1/2 



6/4/2015 Am8_58229.html

file:///C:/Users/cclear/AppData/Local/Microsoft/Windows/Temporary%20Internet%20Files/Content.Outlook/DXB5VRZS/Am8_58229.html 2/2

Moore Thomas Orthopaedics - Main

Emory University IRB
1599 Clifton Road, 5th Floor - Atlanta, Georgia 30322

Tel: 404.712.0720 - Fax: 404.727.1358 - Email: irb@emory.edu - Web: http://www.irb.emory.edu/
An equal opportunity, affirmative action university



r21 
v:t:l EMORY 

UN IVERS lT Y 

TO: Chistopher Dente, :tv.ID 
Principal Investigator 

DATE: Jillle 3, 2015 

!n~tiruti<1n11 l R cvi.:w Hv:Jrd 

RE: Notification of Amendment Approval 
A119 TI[B00058229 

TI[B00058229 
The effect of inflammatmy biomarker expression on decisions to close traumatic woilllds 

Dear Dr. Dente, 

Thank you for submitting an amendment request. The Emmy TI[B reviewed and approved this 
amendment illlder the expedited review process on 06/03/2015. This amendment includes the following: 

• Changes to the study team: 
o Added: Stephen Dascall 

• Change to the Infmmed Consent fmm (Version: 05/21/2015) 

Impmi ant note: If this study is NIH-suppmied, you may need to obtain NIH prior approval for the 
change(s) contained in this amendment before implementation. Please review the NIH policy directives 
foillld at the following links and contact your NIH Program Officer, NIH Grants Management Officer, or 
the Emmy Office of Sponsored Programs if you have questions. 

Policy on changes in active awards: http://grants.nih.gov/grants/gyide/notice-files/NOT-OD-12-129.html 

Policy on delayed onset awards: http://grants.nih.gov/grants/guide/notice-files/NOT-OD-12-130.html 

In future con espondence with the IRB about this study, please include the IRB file ID, the name of the 
Principal Investigator and the study title. Thank you. 

Sincerely, 

Steven J. Anzalone, M .S. 
TI[B Research Protocol Analyst 
This letter has been digitally signed 

Begley Elizabeth 
Fielder Bridget 

cc Fuller Syreese 
Gamer Vanessa 
Knight Simone 

Gel bard Rondi 
Kirk Allan 
Moore Thomas 

Information Services 
Winship - Main 
Winship - Main 
Ctr for Transplant'n 
Ctr for Transplant'n 

Surgery - Main 
Ctr for Transplant'n 
Orthopaedics - Main 

p'l?\ 
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EMORY 
U ~ J V ERS 1T Y 

TO: Chistopher Dente, MD 
Principal Investigator 
General Su 

DATE: June 19, 2014 

RE: Continuing Review Expedited Approval 

CR2 IRB00058229 

IRB00058229 
The effect of inflammat01y biomarker expression on decisions to close traumatic 
wounds 

Thank you for submitting a renewal application for this protocol. The Em01y IRB reviewed 
it by the expedited process on 6/19/2014, per 45 CFR 46.110, the Federal Register 
expeditable categories F4, F5, and F9, and/or 21 CFR 56.110. This reapproval is effective 
from 7/2/2014 through 7/112015 . Thereafter, continuation of human subjects research 
activities requires the submission of another renewal application, which must be reviewed 
and approved by the IRB prior to the expiration date noted above. 

The following documents were included in this review: 

• Grady DOD HIPAA 3.0 
• GRADY DOD IC 8.0 
• Revocation 2. 0 
• Wound biomarker Spanish trans 12.2013 

Any repottable events (e.g., unanticipated problems involving risk to subjects or others, 
noncompliance, breaches of confidentiality, HIP AA violations, protocol deviations) must be 
reported to the IRB according to our Policies & Procedures at www.irb.em01y.edu, 
immediately, promptly, or periodically. Be sure to check the reporting guidance and contact 
us if you have questions. Tetms and conditions of sponsors, if any, also apply to rep01t ing. 

Before implementing any change to this protocol (including but not limited to sample size, 
inf01m ed consent, study design), you must submit an amendment request and secure IRB 
approval. 

In future conespondence about this matter, please refer to the IRB file ID, name of the 
Principal Investigator, and study title. Thank ymL 

Sincerely, 

Page lo0 
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0artha C. Patterson, CIP 
Research Protocol Analyst 
This letter has been digitally signed 

CC: Begley Elizabeth 
Fielder Bridget 
Fuller Syreese 
Scott Kevin 

Gel bard Rondi 
Kirk Allan 
Moore Thomas 

Infonnation Se1v ices 
Winship - Main 
Winship - Main 
Ctr for Transplant'n 

Surge1y - Main 
Ctr for Transplant'n 
Oithopaedics - Main 

Emory University 
1599 Clifton Road, 5th Floor - Atlanta, Georgia 30322 

Tel: 404 712 0720 - Fax: 404 727 1358- Email: irb@emory edu - Web: http://www irb emorv edul 
An equal opporhmity, affinnattve action university 
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0nt: CR2 _ IRB00058229 - 2014 Review for IRB00058229 

~ ~MQ!;\~ 
Date: Thursday, June 19, 2014 2:37:07 PM 
View: SF- IRS CR Study Status 
Continuing Review 

Study ID:IRB00058229 

Study Name: Biomarker expression in traumatic wounds 

1.0 * Are you continuing to enroll new subjects or obtaining charts/data/specimens? 

Yes, continuing to enroll subjects 

2.0 If the study is closed to enrollment: 
Provide the date the study was closed to enrollment: 

Provide the enrollment closure reason: 

3.0 * Did any of the following Internal Events occur within the past approval period? 

Pagelo0 

Print J Close J 

Unanticipated problem (related to the research) involving risk to participants or others r Yes Ci No 

Serious adverse events that were definitely, probably, or possibly related to the research r Yes Ci No 

Deaths r Yes Ci No 

Anticipated events that occured with a greater frequency, duration, or severity than what is described in 
the protocol related documents r Yes Ci No 

Protocol deviations r Yes Ci No 

Complaints r Yes Ci No 

4.0 * Did any of the following External Events occur within the past approval period? 

Unanticipated problem (related to the research) involving risk to participants or others r Yes Ci No 

Any event the investigator or sponsor believes changes the risk level of the study? r Yes Ci No 

5.0 * Have all reportable events been reported to the IRB as required in this approval period, either 
previously reported or with this renewal? 
N/A 
If no, please submit single events using the Reportable Events activity. To submit a summary report with 
this renewal, please upload the summary here and any actions taken: 
Name Modified Version 
There are no items to display 

6.0 * Did any events require a change to protocol related documents (e.g., protocol, informed consent 
document, Investigator's brochure)? r Yes Ci No 

If yes, please upload: 
Name Modified Version 
There are no items to display 

https :/I eresearch.emmy. edu/Emmy/ResomceAdministration/Project/PrintSmartF onns?Proj. .. 6/19/2014 



~nt: CR2 _ IRB00058229 - 2014 Review for IRB00058229 

~w: SF - IRB CR Subjects 

Page2 o0 

Enrollment Numbers: A subject is considered to be enrolled in a study when he/she gives informed consent to 
participate. 

1.0 If your study only involves chart reviews, medical records and/or data specimens analysis, enter 
the number of charts/records/specimens reviewed/analyzed to date: 

2.0 How many NEW subjects have been enrolled (per the definition above) in the past approval 
period? 
10 

3.0 What is the total number of subjects who have given informed consent to date? 

13 

4.0 How many subjects completed required screening and began treatment/intervention/participation 
to date? 
13 

5.0 Is the number of subjects from 3.0 greater than the number of subjects approved for enrollment 
by the IRB? r Yes Ci No 

Number of subiects approved for enrollment bv the IRB:400 

If the number of subjects participating is greater than the number approved, please explain the 
difference: 

6.0 Indicate the gender composition of the research subject population you have enrolled during the 
past approval period: 

Unknown or data not collected: r Yes r No 

Female: 2 
Male: 8 

7.0 How many participants are considered members of specific vulnerable populations? 
Please indicate how many participants are vulnerable and under what category (for example, "2 pregnant 
women and 1 prisoner".) 
none 

8.0 Indicate the age groups of the research subject population you have enrolled during the past 
approval period: 

18 years old and older 

9.0 How many participants were withdrawn from the study during the past approval period? Please 
attach a brief summary of withdraws. 
0 

Name Description 

https :// eresearch.em01y. edu!EmOiy!ResomceAd.minisu·ation/Project/PrintSmmiF onns?Proj... 6/19/2014 



n\_ .. Pnnt: CR2_!RB00058229- 2014 Review for !RB00058229 

~ There are no items to display 

P~e3o0 

10.0 Explain any difficulties in recruiting or retaining subjects: 

11.0 Is this a VA study: r Yes Ci No 

If yes, please give a minority status of those entered into the protocol. 

https :/I eresearch.emmy. edu/Emmy/ResomceAdministration/Project/PrintSmartF onns?Proj. .. 6/19/2014 



~nt: CR2 _ IRB00058229 - 2014 Review for IRB00058229 

~w: SF- IRS CR Research 

Research Findings and Results 

1.0* Provide a summary of the research findings during the previous 
approval period: 

1 0 additional subjects have enrolled in the prior review period. Due to 
slower than expected enrollment, an amendment was submitted and 
approved expanding enrollment criteria, in addition a Spanish translation 
consent was obtained. This has improved pace of enrollment. There has 
been no interim analysis of data or assays to date. 

2.o* Were there any significant new findings during the previous approval 
period: 

r Yes Ci No 

If yes, describe the new findings or upload reports: 

Name Description 
There are no items to display 

Have current subjects been notif ied of the significant new findings? 

r Yes r No 

If no, explain how and when notification will occur: 

If yes, explain how and when notification did occur: 

J.o* Have any new findings emerged that may affect the willingness of 
subjects to continue participation? r Yes Ci No 

If yes, please explain : 

4.0* Has the PI's risk-benefit assessment changed based on study 
results? r Yes Ci No 

If yes, explain how and what changes need to be made to the protocol to 
ensure safety to participants: 

s.o* Has any agency (e.g., FDA or OHRP) or sponsor audited, inspected or 
otherwise monitored activity at this study site during the past 
approval period? 

r Yes Ci No 

If yes, upload any correspondence or reports: 

https :/I eresearch.emmy. edu/Emmy/ResomceAdministration/Project/PrintSmartF onns?Proj. .. 6/19/2014 



0nt: CR2 _ !RB00058229 - 2014 Review for !RB00058229 

Name Description 
There are no items to display 

6.0* Were there any reports in recent literature, publications and/or 
abstracts resulting from the conduct of this research? If so, upload 
copies. 

r Yes <i No 

Name Description 
There are no items to display 

7.0 Attach any reports from the data and safety monitoring body and 
annuaiiND or IDE reports submitted to FDA. If none are available, 
please explain (lack of explanation may cause a deferral). 

Name Description 
There are no items to display 

Page5o0 
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~nt: CR2 _ IRB00058229 - 2014 Review for IRB00058229 

~w: SF- IRS CR Conflict of Interest 
Conflict of Interest 

• For more information about Emory COl policies, click here. 

1.0 * Inst itut ional Financial Interest 
Is any licensed Emory intellectual property used in this project?: 

r Yes Ci No 

2.0 * Invest igator Financial Interest 

Page6 o0 

Does the PI/Project Director, any individual listed as Senior/Key Personnel on the grant/contract, and/or 
any individual identified by the PI/Project Director as having responsibility for and substantial 
independence in decision making for the design, conduct or reporting of this protocol (including spouse, 
same-sex domestic partner and/or dependent children, individually or in aggregate) have any of the 
following financial relationships with (a) the study sponsor; (b) a company whose products or services 
are used or studied in the research; and/or (c) the technology being studied. 

Select YES if any of the following apply: 

• Payments of $5,000 or more including salary; consulting fees; honoraria; and/or gifts received 
within the past 12 months or anticipated for the next 12 months (excluding salary, grant support, 
and other payments for services received from Emory University) 

• Equity or ownership interest (including stock options) valued at $5,000 or more as determined by 
reference to the entity's publicly listed price (excluding mutual funds) 

• Any equity or ownership interest in an entity if the entity's value cannot be determined by 
reference to publicly listed prices (e.g. , privately-held companies, such as start-up companies) 

• A position as director, officer, partner, trustee, employee, or any other position of management 
• Receipt of licensing fees or royalties from intellectual property rights (patent, copyright, 

trademark, trade secrets, etc.) that are more than $5,000 annually from an entity or for a 
technology related to an Investigator's teaching, research, administrative, or clinical duties at 
Emory 

• Any compensation whose value could be affected by the outcome of the research. 

Member of the study team has conflict of interest: r Yes Ci No 

2.0.1 If yes, please provide ID# from the eCOI Proposal Financial Interest in Research Report: 

https :// eresearch.em01y. edu!EmOiy!ResomceAd.minisu·ation/Project/PrintSmmiF onns?Proj... 6/19/2014 



~nt: CR2 _ IRB00058229 - 2014 Review for IRB00058229 

~w: SF - IRS CR Final Page 
Summary of Study Status and Next Steps 

1.0 Study Status:Yes, continuing to enroll subjects 

2.0 Changes in Consent, Waivers, HIPAA or research instruments: no 

3.0 Subjects participating is greater than the number of subjects approved: no 

You need to submit an Amendent if you answered yes to any of the questions above. 

4.0 Reportable Events since last continuing review: 

Page7 o0 

If you have a single event that needs to be reported, please submit it using the Reportable Event 
activity. If you have a summary report, please submit it with this continuing review. 

5.0 Click the 'Finish' button to exit this page. Click on the 'Submit' activity in the project workspace to 
send to the IRS Office. 
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